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I n t r o d u c t i o n  
A l a rge -sca le  d i r e c t  c o a l  l i q u e f a c t i o n  p l a n t  w i l :  consume s u b s t a n t i a l  

q u a n t i t i e s  of m a :  as a feedstock m a t e r i a l .  Due t o  the  na tu re  o f  t h e  coa l  
m in ing  i n d u s t r y  t h i s  supply  w i l l  be acqu i red  from seve ra l  mines o p e r a t i n g  i n  
d i f f e r e n t  coa l  reserves.  Procurement o f  coa l  from m u l t i p l e  sources, over t ime  
w i l l  undoubtebly l e a d  t o  v a r i a t i o n s  i n  t h e  c h a r a c t e r i s t i c s  o f  t he  p l a n t  feed. 
Phys i ca l  and chemical coa l  p r o p e r t i e s  are known t o  va ry  w i t h i n  a rese rve  due 
t o  t h e  mechanisms o f  seam f o r m a t i o n  and subsequent geo log i c  metamorphism. I n  
a d d i t i o n ,  m in ing  methods and p h y s i c a l  b e n e f i c i a t i o n  a f f e c t  t h e  o rgan ic  and 
ino rgan ic  c o n s t i t u e n t s  i n  t h e  mine p roduc t .  Furthermore, t h e  s p e c i f i c a t i o n  o f  
a s i n g l e  seam, f o r  example Ky #9 o r  Ill. #6 as t h e  source f o r  p o t e n t i a l  feed- 
coa ls ,  i s  i n s u f f i c i e n t  s i n c e  i t  has been shown t h a t  s u b s t a n t i a l  v a r i a t i o n s  i n  
coal  p r o p e r t i e s  can e x i s t  w i t h i n  a s i n g l e  seam. 

Although it i s  c l e a r  t h a t  v a r i a t i o n s  i n  feed coa l  p r o p e r t i e s  can a f f e c t  
p l a n t  operat ions and y i e l d s ,  few q u a n t i t a t i v e  r e l a t i o n s h i p s  have been developed. 
The d i f f i c u l t y  i n  understanding t h e  impor tance o f  coa l  c h a r a c t e r i s t i c s  i s  i n  
p a r t  r e l a t e d  t o  the complex na tu re  o f  c o a l ,  and problems i n  t h e  s e l e c t i o n ,  
c h a r a c t e r i z a t i o n  and t e s t i n g  o f  r e p r e s e n t a t i v e  feedstock samples. 
f o r c e  f o r  develop ing t h i s  unders tand ing  i s  d i r e c t l y  r e l a t e d  t o  the s e l e c t i o n  
and procurement o f  t h e  e s s e n t i a l  raw m a t e r i a l  f o r  l i q u e f a c t i o n  process ing.  A 
s c i e n t i f i c a l l y  based understanding o f  how t o  s e l e c t  coa l  sources from w i t h i n  a 
m i n i n g  reg ion  and how t o  compensate f o r  v a r i a t i o n s  f rom an i n d i v i d u a l  mine 
w i l l  improve t h e  o p e r a b i l i t y  and economics o f  any d i r e c t  l i q u e f a c t i o n  p l a n t .  

T h i s  s tudy has i n v e s t i g a t e d  t h e  degree t o  which coa l  p r o p e r t i e s  change 
w i t h i n  a supply r e g i o n  and how these v a r i a t i o n s  impact on y i e l d s  and economics 
o f  an S R C - I  t ype  process. S t a t i s t i c a l  data a n a l y s i s  has i s o l a t e d  c r i t i c a l  
coa l  p r o p e r t i e s  i n f l u e n c i n g  l i q u e f a c t i o n  r e a c t i v i t y  and q u a n t i t a t i v e  p r e d i c t i o n  
equat ions have been developed. 

General Coal C h a r a c t e r i s t i c s  I n f l u e n c i n g  R e a c t i v i t y  

f a c t i o n  were b gun by the  U . S .  Bureau o f  Mines s t a t i o n  a t  Bruceton, PA i n  t h e  
e a r l y  1940’s’ ”. These e f f o r t s  i n v e s t i g a t e d  c o a l s  o f  v a r y i n g  pe t rog raph ic  
compos i t i on  and rank, conc lud ing  t h a t  these c h a r a c t e r i s t i c s  s i g n i f i c a n t l y  
a f f e c t e d  the ease by which a c o a l  c o u l d  be l i q u e f i e d .  More r e c e n t l y ,  work has 
been completed by a number o f  i n v e s t i g a t o r s  which con f i rms  t h a t  t he  t o t a l  
r e a c t i v e  maceral con ten t  o f  t h e  co 1 i r e l a t e d  d i r e c t l y  t o  i t s  o v e r a l l  
conve rs ion  t o  e x t r a c t a b l e  products ’  ’4 ”. 

Although coal  rank  i s  recognized as a d e r i v e d  p r o p e r t y  r e l a t e d  d i r e c t l y  
t o  a c o a l ’ s  composite o rgan ic  chemical s t r u c t u r e ,  i t s  impact  on l i q u e f a c t i o n  
r e a c t i v i t y  i s  n o t  c l e a r l y  understood. Most researchers a re  i n  agreement t h a t  
c o a l s  h i g h e r  i n  rank than  h i g h  v o l a t i l e  A b i tuminous a re  poor  candidates f o r  
l i q u e f a c t i o n  feedstocks due t o  l o w  r e a c t i v i t y .  
l i t t l e  problem f o r  t he  development o f  a c o a l  l i q u e f a c t i o n  i n d u s t r y  s i n c e  these 
h i g h  rank  coals  rep resen t  o n l y  t e n  p e r c e n t  o f  t h e  c o u n t r y ’ s  p roduc t i on .  

The d r i v i n g  

Research work t o  i d e n t i f y  t h e  s u i t a b i l i t y  o f  U.S. Coals f o r  d i r e c t  l i q u e -  

Th is  l i m i t a t i o n  p resen ts  

The 
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' more abundant lower rank c o a l s  have d i sp layed  d i v e r g e n t  r e a c t i v i t i e s  depending 
upon the  experimental c o n d i t i o n s  and method o f  i n v e s t i g a t i o n .  Neavel has 
shown t h a t  t h e  coal  conve rs ion  t o  benzene so lub les  p l u s  gases i s  i n v e r s e l y  
P roPor t i ona l  t o  the  rank o f  t h e  coa l  f o r  res idence t imes f rom 2 .56 to  30 minUtgS. 
These r e s u l t s  are g e n e r a l l y  i n  agreement w i t h  &hose o f  Wh i tehu rs t  
f o r  l o n g  residence t imes.  However, Wh i tehu rs t  
t ime  coa l  l i q u e f a c t i o n ,  low rank  coa ls  a re  s u b s t a n t i a l l y  l e s s  r e a c t i v e  than  
h igh  v o l a t i l e  b i tuminous c o a l s  o f  s i m i l a r  pe t rog raph ic  composi t ion.  
ProceSaing coa ls  under S R C - I 1  c o n d i t i o n s  u s i n g  d isposable i r o n  c a t a l y s t s ,  
Wr igh t  
and g rea te r  y i e l d s  o f  d i s t i l l a t e  than h i g h  v o l a t i l e  b i t um inous  P i t t s b u r g h  Seam 
coa ls .  Thus, p r o v i d i n g  t h a t  r e a c t i o n  c o n d i t i o n s  a r e  chosen c o r r e c t l y ,  t h e  
coal  i s  Prepared p r o p e r l y  p r i o r  t o  l i q u e f a c t i o n  and s u f f i c i e n t  c a t a l y s t  i s  
Present ,  lower  rank c o a l s  would appear t o  have h ighe r  r e a c t i v i t y  t han  h i g h  
v o l a t i l e  bituminous coa ls .  

One coal  c h a r a c t e r i s t i c  n o t  exp la ined  by measures o f  rank  and pe t rog raph ic  
composi t ion i s  t he  na tu re  o f  i n h e r e n t  m ine ra l  ma t te r .  Many au tho rs  have shown 
t h a t  minera l  ma t te r  i n  coa l  can a c t  as an i n h e r e n t  c a t a l y s t  f o r  improv ing 
l i q u e f a c t i o n  y i e l d s .  The concensus o f  t h i s  work has been t h a t  i r o n  s u l f i d e s ,  
p a r t i c u l a r l y  p y r i t e , g a r e  t h e  most e f f e c t i v e  c a t a l y s t s  p resen t  i n  t h e  i n h e r e n t  
coal  minera l  matte Al though some d i f f e r e n c e s  i n  p y r i t e  c a t a l y s i s  a c t i v i t y  
have been reported", most work has shown t h a t  t he  ve ry  h i g h  l e v e l s  (up t o  10% 
p y r i t e  on coa l )  must be added t o  a f f e c f l t 1 3 i g n i f i c a n t  change i n  t h e  y i e l d  
s t r u c t u r e  o f  Eastern Bituminous Coals. 
be made more r e a c t i v e  w i t h  somewhat lower  l e v e l s  o f  p y r i t e  a d d i t i o n .  

Experimental I n v e s t i g a t i o n  o f  Coal R e a c t i v i t y  

h e a v i l y  i nvo l ved  w i t h  develop ing exper imenta l  data t o  suppor t  t he  S R C - I  
Demonstrat ion P l a n t  P r o j e c t .  
e f f e c t s  o f  feed coal  v a r i a t i o n  on p l a n t  performance. A l though t h e  m a j o r i t y  o f  
p o t e n t i a l  feed coa ls  f o r  t h i s  p l a n t  would come from a r e s t r i c t e d  a rea  ( I l l i n o i s  
Basin) ,  i t  became c l e a r  i n  t h i s  program t h a t  t h r e e  major  t e c h n i c a l  areas would 
need i n v e s t i g a t i o n  as f o l l o w s :  

and Yarzab 
has shown t h a t  i n  s h o r t  res idence  

I n  

has found t h a t  l i g n i t e s  and subbituminous c o a l s  have h i g h e r  convers ions 

Low i r o n  subbituminous ?ga ls  can 

The I n t e r n a t i o n a l  Coal R e f i n i n g  Company ( I C R C )  Research Group has been 

A p o r t i o n  o f  t h i s  e f f o r t  was t o  determine t h e  

o Coal v a r i a t i o n  from an i n d i v i d u a l  mine, 
o Coal v a r i a t i o n  w i t h i n  t h e  reserve area,  and 
o E f f e c t s  o f  these v a r i a t i o n s  on l i q u e f a c t i o n  y i e l d s .  

Due t o  des ign and o p e r a t i o n  cons ide ra t i ons ,  a d e c i s i o n  was made e a r l y  i n  
the  demonstrat ion p l a n t  program t o  cons ide r  o n l y  use o f  washed coa ls .  
c o n s t r a i n t  s i g n i f i c a n t l y  l i m i t e d  t h e  number o f  mine o p e r a t i o n s  which c o u l d  be 
considered as s u p p l i e r s .  

An exper imenta l  program was e s t a b l i s h e d  w i t h  the  I n s t i t u t e  o f  M in ing  and 
M ine ra l s  Research, U n i v e r s i t y  o f  Kentucky, t o  sample m i n i n g  opera t i ons  i n  a 
p a t t e r n  t o  p r o v i d e  geographic and s t r a t o g r a p h i c  d i v e r s i t y .  
i n  r e l a t i o n  t o  the  m in ing  reg ions  a re  shown i n  F igu re  1. Samples were c o l l e c t e d  
from the  run-of -mine coa l  as w e l l  as t h e  washed coa l .  Severa l  m i n i n g  opera t i ons  
were s t u d i e d  f o r  b o t h  long-  and sho r t - te rm v a r i a t i o n  i n  c o a l  p r o p e r t i e s .  

o p e r a t i o n  d a i l y  and analyzed f o r  changes i n  composi t ion.  
d a i l y  s h i f t s  i n  s u l f u r  and ash con ten t  f o r  a mine i n  the  KY #9 seam. 
r e s u l t s  demonstrate t h a t  t h e  coa l  c lean ing  p l a n t  i s  necessary n o t  o n l y  t o  

T h i s  

The sample l o c a t i o n s ,  

I n  the  s h o r t  term coa l  v a r i a b i l i t y  s tudy,  samples were c o l l e c t e d  f rom the  
F igu re  2 shows t h e  

These 
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reduce the  amount o f  m ine ra l  m a t t e r  i n  t h e  coa l ,  b u t  a l s o  t o  b u f f e r  v a r i a t i o n s  
i n  composi t ion due t o  min ing.  
an increase o f  app rox ima te l y  t h r e e  p e r c e n t  i n  t h e  t o t a l  r e a c t i v e  maceral 
con ten t  o f  t h e  c lean  c o a l ,  enhancing the  l i q u e f a c t i o n  p o t e n t i a l .  

se lec ted  as t h e  t ime  i n  which t o  composite a sample t o  d e f i n e  a p l a n t ' s  average 
ou tpu t .  
each o f  s i x  months. These r e s u l t s  (F igu re  3)  show t h a t  some long  te rm s h i f t s  
i n  c lean coa l  compos i t i on  can occur. The v a r i a t i o n s  may r e s u l t  from changing 
c h a r a c t e r i s t i c s  o f  an i n d i v i d u a l  c o a l  rese rve  o r  changes i n  mine opera t i ons .  
A l i q u e f a c t i o n  p rocess ing  p l a n t  w i l l  need t h e  f l e x i b i l i t y  t o  deal w i t h  these 
chanoes i f  they  would s i g n i f i c a n t l y  a f f e c t  ope ra t i ons .  

The second p o r t i o n  o f  t h i s  p r o j e c t  was t o  d e f i n e  the  r e g i o n a l  v a r i a t i o n  
i n  c o a l  composi t ion.  Table 1 shows t h e  range i n  seve ra l  c l e a n  coa l  p r o p e r t i e s  
across the r e g i o n  compared t o  t h e  v a r i a t i o n  which m igh t  be expected from an 
i n d i v i d u a l  p l a n t .  These r e s u l t s  i l l u s t r a t e  t h a t  t h e  v a r i a t i o n  across t h e  
r e g i o n  i s  g e n e r a l l y  two t o  f o u r  t imes  t h a t  which m igh t  be expected f rom an 
i n d i v i d u a l  p l a n t .  Fur thermore,  t h e  abso lu te  ranges i n  v a r i a b l e s ,  such as 
v i t r i n i t e  r e f l e c t a n c e ,  p y r i t i c  s u l f u r  and t o t a l  r e a c t i v e  macerals, a re  such 
t h a t  they w i l l  a f f e c t  s u b s t a n t i a l l y  coa l  l i q u e f a c t i o n  r e s u l t s .  Therefore,  
d e s p i t e  t h e  c o n t e n t i o n  t h a t  coa l  supp ly  from an i n d i v i d u a l  mine w i l l  s h i f t  
w i t h  t ime,  t h e r e  a re  p robab le  advantages t o  s e l e c t i n g  and b lend ing  c o a l s  f rom 
mines whose average compos i t i on  i s  i n  t h e  h i g h  r e a c t i v i t y  range. 

determine the  e f f e c t s  o f  v a r i a t i o n s  i n  p r o p e r t i e s  on coal  l i q u e f a c t i o n .  I n  
t h i s  program t h e  c o a l s  were l i q u e f i e d  i n  a 100 pound p e r  day cont inuous bench 
sca le  process development u n i t  (CPDU) under s tandard c o n d i t i o n s  as f o l l o w s :  

An a d d i t i o n a l  b e n e f i t  from coa l  p r e p a r a t i o n  i s  

Based upon the  r e s u l t s  from t h e  s h o r t  term study,  a f i v e  day p e r i o d  was 

Thus, once a month a f i v e  day p e r i o d  was sampled and composited f o r  

The t h i r d  p o r t i o n  o f  t h i s  program was t o  t e s t  t h e  s e t  o f  c lean  coa ls  t o  

o Reaction Temperature 
o Reaction Time 
o To ta l  Pressure 
o Hg Flow Rate 
o Coal Concen t ra t i on  

84OoF 
30 min 
2000 p s i g  
28,000 SCF/Ton Coal 
40 w t . %  i n  W i l s o n v i l l e  Recycle Solvent  

These a r e  e s s e n t i a l l y  t h e  S R C - I  s tandard process c o n d i t i o n s  w i t h  t h e  
except ion o f  t h e  s h o r t e r  (30 min) res idence  t ime. .  A l l  samples from the  process 
u n i t  were analyzed by a s tandard  workup procedure t o  determine the  y i e l d s  o f  
products  on a d r y  ash - f ree  c o a l  b a s i s  and hydrogen consumption. 

r e l a t e d  t o  o i l s  y i e l d  and hydrogen consumption. 
f o r  assessing coa l  r e a c t i v i t y  s ince  t h e y  a re  among t h e  most s e n s i t i v e  economic 
parameters i n  a l i q u e f a c t i o n  p l a n t .  The r e s u l t s  show a group o f  h i g h  r e a c t i v i t y  
coa ls  (>25% o i l s  y i e l d ) ,  a group o f  average c o a l s  (15-25% o i l s  y i e l d ) ,  and one 
very low a c t i v i t y  sample. 

and on revenue economics. Improvements t o  p l a n t  o p e r a t i o n  may inc lude :  
improved s o l v e n t  balance, l e s s  l o s s  o f  preasphal tenes t o  t h e  g a s i f i e r  res idue ,  
and t h e  f l e x i b i l i t y  t o  ope ra te  a t  l ower  s e v e r i t y .  The advantages o f  o p e r a t i o n  
a t  a decreased s e v e r i t y  a r e  l ower  d u t y  on t h e  f i r e d  p rehea te r  and b e t t e r  
r e a c t i o n  s t a b i l i t y .  O f  course,  t o  ope ra te  w i t h  a h i g h  r e a c t i v i t y  coa l  a t  h i g h  
s e v e r i t y  would r e q u i r e  some a d d i t i o n a l  hydrogen c a p a c i t y  and t h i s  element does 
impact  on opera t i ons  and economics. 

F igu re  4 shows t h e  range i n  r e a c t i v i t y  demonstrated by these c o a l s  as 
These two f a c t o r s  a r e  u s e f u l  

Ranges i n  coa l  r e a c t i v i t y  o f  t h i s  magnitude impact b o t h  on p l a n t  ope ra t i ons  
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as heavy O i l .  

w i t h  an average and, a l t e r n a t i v e l y ,  a h i g h  a c t i v i t y  coa l .  
aSSeSSement has been s i m p l i f i e d  and con ta ins  seve ra l  assumptions, i t  i s  C lea r  
t h a t  u s i n g  the  h i g h  a c t i v i t y  coa l ,  i n c l u d i n g  t h e  hydrogen p e n a l t y ,  r e s u l t s  i n  
a s i g n i f i c a n t  (11%) improvement i n  revenues. S ince these coa ls  a r e  s o l d  
CUr ren t l y  on a f u e l  b a s i s  (cents/mm b t u )  t h e r e  can be compe l l i ng  economic 

The advantages i n  ope ra t i ons  and economics f o r  a s imple thermal  process 

The comparisons a re  shown on an i d e n t i c a l  p l a n t  case, o p e r a t i n g  
Al though t h i s  

I i n c e n t i v e s  f o r  choosing h i g h  a c t i v i t y  coa ls .  

( i . e .  S R C - I )  a l s o  appear t o  be p resen t  f o r  more complex c a t a l y t i c  systems. 

Ana lys i s  o f  L i q u e f a c t i o n  Data 
I n  o rde r  t o  r e a l i z e  an advantage due t o  coa l  r e a c t i v i t y  i n  e i t h e r  ope ra t i ons  

o r  economics, i t  i s  necessary t o  understand methods o f  s e l e c t i n g  h i g h  a c t i v i t y  
coa ls .  One o b j e c t i v e  o f  t h i s  research program was t o  develop c o r r e l a t i o n s  
between coal  c h a r a c t e r i s t i c s  and l i q u e f a c t i o n  p roduc t  y i e l d s .  I n  o rde r  t o  
develop these types o f  c o r r e l a t i o n s  i t  i s  necessary t o  have a homogeneous data 
s e t  which prov ides a s u f f i c i e n t l y  broad, and no rma l l y  d i s t r i b u t e d ,  p a t t e r n  o f  
va r iab les .  A l though t h e  c u r r e n t  da tase t  i s  p robab ly  t o o  sma l l  (13 c o a l s )  t o  
develop h i g h l y  c o r r e l a t e d  r e l a t i o n s h i p s ,  i t  i s  u s e f u l  f o r  de te rm in ing  t rends  
i n  the  data.  

The coa l  c h a r a c t e r i s t i c s  and l i q u e f a c t i o n  y i e l d  da ta  s e t s  were b o t h  
analyzed t o  d e t e c t  and min imize s t r o n g  s t a t i s t i c a l  i n t e r c o r r e l a t i o n s .  Th is  
a n a l y s i s  r e s u l t e d  i n  t h e  s e l e c t i o n  o f  f o u r  independent c o a l  v a r i a b l e s  and 
f i v e  r e l a t i v e l y  independent l i q u e f a c t i o n  v a r i a b l e s  which were c o r r e l a t e d  
aga ins t  each o t h e r  (Table 3) .  Based on t h e  r e l a t i o n s h i p s  de tec ted  f rom Table 
3 the  f o l l o w i n g  e m p i r i c a l  p r e d i c t i o n  models were c a l c u l a t e d .  

To ta l  Conversion = (14.1 ( P y r i t i c  S u l f u r )  + 4 .1  ( V i t r i n i t e  Eq. 1 
r e f l e c t a n c e )  + 77.2) x T o t a l  Reac t i ve  
Maceral S A 0 0  

2 R = 0.82 

O i l  Y i e l d  = 16.2 ( P y r i t i c  S u l f u r )  - 1.2 ( V o l a t i l e  M a t t e r )  + Eq. 2 
13.6 ( V i t r i n i t e  Ref lectance)  + 52.9 

2 R = 0.47 

The m u l t i p l e  R-squared f o r  equa t ion  # 1  (0.82) i s  r e l a t i v e l y  good f o r  
complex m u l t i v a r i a t e  r e l a t i o n s h i p s  such as those e x i s t i n g  i n  coal  research. 
The cons tan t  term i n  t h i s  equa t ion  (77.2) i s  r e l a t i v e l y  l a r g e  i n  comparison t o  
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the va lues  of t h e  p r e d i c t e d  v a r i a b l e  and at tempts t o  generate a s t r o n g  r e l a t i o n -  
s h i p  would work t o  reduce t h i s  va lue.  
observed convers ion  versus t h e  p r e d i c t e d  convers ion shows t h e r e  a re  no s i g n i f i c a n t  
o u t l i e r s  ( o r  l a r g e  r e s i d u a l s )  i n  t h i s  da ta  s e t  and t h a t  p r e d i c t i v e  r e l a t i o n s h i p  
i s  r e l i a b l e .  Un fo r tuna te l y ,  t h e  R-squared f o r  equa t ion  #2 i s  n o t  as good 
(0.47). 
p r e d i c t e d  f o r  t h i s  equat ion;  it i n d i c a t e s  t h a t  t h e r e  a re  no s i n g l e  o r  pa t te rned  
o u t l i e r s .  Th i s  suggests t h a t  a n  a d d i t i o n a l  c h a r a c t e r i z a t i o n  f a c t o r  i s  p robab ly  
necessary t o  improve t h e  p r e d i c t i o n  o f  o i l  y i e l d .  

T h i s  a n a l y s i s  of t h e  da ta  s e t  r e s u l t e d  i n  t h e  s e l e c t i n g  o f  many o f  t h e  
same v a r i a b l e s  as those determined by t he  P i t t q h u r g  & Midway Coal M in ing  Co. 
f o r  t h e  p r e d i c t i o n  of S R C - I 1  y i e l d  s t r u c t u r e s .  The r e l a t i o n s h i p  between 
p y r i t i c  s u l f u r  i n  t h e  c l e a n  coa l  and t h e  convers ion  o f  t o t a l  r e a c t i v e  macerals 
de tec ted  i n  t h e  s t a t i s t i c a l  a n a l y s i s  ( c o r r e l a t i o n  c o e f f i c i e n t  equals  0.902) i s  
shown i n  F i g u r e  8. Th is  r e l a t i o n s h i p  shows t h a t  as p y r i t i c  s u l f u r  drops below 
1.10 w t .  pe rcen t ,  t h e  coa l  conve rs ion  r e a c t i v i t y  decreases s i g n i f i c a n t l y .  
However, i n  another  p o r t i o n  o f  t h e  research program, exper iments on t h e  importance 
o f  coa l  p r e p a r a t i o n  showed t h a t  l e v e l s  o f  p y r i t i c  s u l f u r  had l i t t l e  a f f e c t  on 
l i q u e f a c t i o n  y i e l d s .  The r e s u l t s  f rom one o f  these exper iments a re  shown i n  
F igu re  9. Desp i te  coa l  samples wh ich  range i n  ash and p y r i t i c  s u l f u r  i n  
excess o f  t hose  de tec ted  i n  t h e  da ta  a n a l y s i s ,  t h e  l i q u e f a c t i o n  y i e l d s  are 
r a t h e r  c o n s i s t e n t .  

The r e c o n c i l i a t i o n  o f  these seemingly  d i a m e t r i c a l l y  opposed r e s u l t s  
appears t o  r e s i d e  i n  t h e  a c t i v i t y  o f  t h e  p y r i t e  p resen t  i n  c leaned c o a l s  
versus t h a t  i n  t h e  run-of-mine and p a r t i a l l y  c leaned samples. A s e r i e s  o f  
c o a l s  a l l  c leaned t o  app rox ima te l y  t h e  same ash l e v e l  would be expected t o  
c o n t a i n  app rox ima te l y  t h e  same amount o f  p y r i t e ,  i f  i t  were d i s t r i b u t e d  i n  t h e  
same manner i n  a l l  t h e  samples. The c leaned c o a l s  i n  t h e  data a n a l y s i s  s e t  
( s i m i l a r  i n  p r e p a r a t i o n  and ash con ten t )  ranged i n  p y r i t i c  s u l f u r  from 1.42 t o  
0.65 pe rcen t ,  i n d i c a t i n g  t h a t  some o f  t h e  samples p robab ly  con ta ined  p y r i t e  
which was f i n e l y  d ispersed i n  t h e  o r g a n i c  m a t r i x  and was n o t  removed by c lean ing .  
Genera l l y ,  these coa ls  were those which had h i g h  a c t i v i t y  f o r  l i q u e f a c t i o n .  
The p y r i t e  t h a t  would be p resen t  i n  t h e  l e v e l  1 and l e v e l  2 c l e a n i n g  shown i n  
F i g u r e  9 would be comprised s u b s t a n t i a l l y  o f  coarse m a t e r i a l  f rom seam p a r t i n g s  
and p y r i t e  nodules.  The exper imenta l  d a t a  on these samples i n d i c a t e  t h a t  t h i s  
t y p e  o f  p y r i t e  has l i t t l e  c a t a l y t i c  e f f e c t  i n  t h e  SRC-I l i q u e f a c t i o n  system. 
The m a j o r i t y  o f  t h e  c a t a l y t i c  a c t i v i t y  appears t o  be p r o v i d e d  by t h e  f i n e l y  
d i spe rsed  p y r i t e  r e t a i n e d  i n  c e r t a i n  c leaned coals .  

r e s u l t s  determined i n  t h e  d i sposab le  c a t a l y s t  programs. ' 22'15 These workers 
found t h a t  a d d i t i o n s  o f  p a r t i c u l a t e  p y r i t e  a t  l e v e l s  approaching 5 we igh t  
pe rcen t  p y r i t i c  s u l f u r  on c o a l  were necessary t o  show much c a t a l y t i c  a c t i v i t y .  
However, when i r o n  was added t o  t h e  c o a l  in lg  d i spe rsed  system, much lower  
l e v e l s  r e s u l t e d  i n  h i g h  c a t a l y t i c  a c t i v i t y .  Hence, n o t  o n l y  t h e  amount, b u t  
more i m p o r t a n t l y  t h e  form o f  t h e  p y r i t e  i n  t h e  coa l  appears t o  be t h e  most 
impor tan t  f a c t o r  i n  c o n t r o l l i n g  i t s  c o n t r i b u t i o n  t o  t h e  coa l  a c t i v i t y .  

One can conclude a l s o  f rom t h e  da ta  a n a l y s i s  t h a t  t h e  l e v e l  o f  geochemical 
m a t u r i t y ,  o r  rank  o f  t he  c o a l  as measured by  v i t r i n i t e  r e f l e c t a n c e ,  i s  o f  
s i g n i f i c a n c e  t o  l i q u e f a c t i o n  y i e l d s .  A l though  the  range o f  rank i n  these 
samples i s  n o t  as l a r g e  as m igh t  be necessary t o  f u l l y  i d e n t i f y  t h i s  e f f e c t ,  
i nc reases  i n  r a n k  c o r r e l a t e  n e g a t i v e l y  w i t h  b o t h  o i l  y i e l d  and convers ion.  
The s u b t l e  d i f f e rences  i n  t h e  ranks o f  t h e  c o a l s  i n  t h i s  sample s u i t e  do 
r e f l e c t  changes i n  t h e  s t r u c t u r a l  c h e m i s t r y  o f  t h e  coa l  macerals. I n  t h i s  
range o f  geochemical m a t u r i t y ,  c o a l s  l o s e  oxygen and a r e  b e l i e v e d  t o  undergo 

The p a r i t y  p l o t  i n  F i g u r e  6 o f  t h e  

F i g u r e  7 i s  t h e  p a r i t y  p l o t  o f  o i l  y i e l d  observed versus o i l  y i e l d  

The importance o f  p y r i t e  d i s p e r s i o n  i s  a l s o  i n  genpra? eement w i t h  
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rearrangement and r i n g  condensation. These r e a c t i o n s  may tend  t o  r e s u l t  i n  a 
more r e f r a c t o r y  o rgan ic  phase t o  d i s s o l u t i o n  and l i q u e f a c t i o n .  
c o r r e l a t i o n  o f  l i q u i d  y i e l d  79d convers ion w i t h  coa l  rank  parameters was a l s o  
repo r ted  by the  P&M workers. 

Summary 
I t i s  c l e a r  from t h e  preceeding d i s c u s s i o n  t h a t  v a r i a t i o n s  i n  coa l  p r o p e r t i e s  

do a f f e c t  l i q u e f a c t i o n  r e s u l t s .  The observed d i f f e r e n c e s  between coa ls  can 
be as l a r g e  as those between Western Subbituminous compared t o  Eas te rn  Bi tuminous,  
o r  as small  as changes i n  coa l  w i t h i n  a s i n g l e  seam o r  i n d i v i d u a l  mine: These 
v a r i a t i o n s  i n  p r o p e r t i e s  do a f f e c t  l i q u e f a c t i o n  y i e l d s ,  p l a n t  ope ra t i ons  and 
economics. S e l e c t i o n  o f  coa ls ,  even from a r e s t r i c t e d  reg ion ,  can be advantageous 
s i n c e  c r i t i c a l  p r o p e r t i e s  va ry  more from source t o  source then  from an i n d i v i d u a l  
m in ing  operat ion.  

Research a t  I C R C  and elsewhere has shown t h a t  q u a n t i t a t i v e  r e l a t i o n s h i p s  
can be developed between coa l  c h a r a c t e r i s t i c s  and y i e l d s .  These e f f o r t s  have 
shown t h a t  t h e  amount o f  d i spe rsed  p y r i t e  i n  t h e  c o a l ,  t h e  geochemical m a t u r i t y  
and the pe t rog raph ic  composi t ion a r e  impor tan t  coa l  parameters. 
from t h i s  r e g i o n  w i t h  l e s s  than  1.10 w t .  p e r c e n t  p y r i t i c  s u l f u r  were found t o  
have s i g n i f i c a n t l y  reduced l i q u e f a c t i o n  r e a c t i v i t y .  U n f o r t u n a t e l y ,  t h e  p r e d i c t i o n  
o f  o i l  y i e l d  from coa l  p r o p e r t i e s  has proven d i f f i c u l t  and w i l l  p robab ly  
r e q u i r e  t h e  a d d i t i o n  o f  more fundamental parameters o f  coa l  chemis t r y  t o  
improve i t s  p r e c i s i o n .  

An improved understanding o f  t h e  r e l a t i o n s h i p  o f  coa l  p r o p e r t i e s  t o  
l i q u e f a c t i o n  r e s u l t s  would be u s e f u l  from a s c i e n t i f i c  p o i n t  o f  v iew as w e l l  
as a process ing s tandpo in t .  
c o a l s  f o r  improved p rocess ing  r e s u l t s  are s e l f  ev iden t .  
d i s p e r s i o n  i n  the  o rgan ic  m a t r i x  may i n d i c a t e  t h a t  i n i t i a l  d i s s o l u t i o n  r e a c t i o n  
and associated hydrogen rearrangement, promoted by an i n - s i t u  c a t a l y s t ,  a re  
i ns t rumen ta l  i n  d e f i n i n g  t h e  f i n a l  p roduc t  d i s t r i b u t i o n .  The a b i l i t y  t o  
b e t t e r  understand t h e  mechanisms o f  coal  d i s s o l u t i o n  f rom a fundamental p o i n t  
o f  view may l e a d  t o  new improved p rocess ing  concepts, as w e l l  as a b e t t e r  
understanding o f  t h e  U.S. coa l  resource.  
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TABLE 1 
COAL CHARACTERISTICS VARIATION IN SUPPLY REGION 

MAXIMUM 
COEFFICIENT COEFFICIENT OF 

OF VARIATION OF A 
MEAN VARIABILITY' VARIATION SINGLE PLANT 

ASH 9.2 f 4 . 7  0.25 0.1 1 

HEATING VALUE 12283 i l l 0 0  0.09 0.04 
TOTAL SULFUR 3.1 f1.3 0.21 0.12 

PYRITIC SULFUR 1.4 f l .O 0.36 0.23 

T. R. MACERALS 93.3 f3.1 0.02 0.01 

VIT REFLECTANCE 0.57 f0.18 0.16 0.04 

'f 2 STANDARD DEVIATION 

TABLE 2 
YIELD AND ECONOMIC COMPARISON 

AVERAGE HIGH 
A C T I ~ ~ T Y  COAL ACTWIG COAL 

PRODUCTS YIELD. YIELD' 

FUEL GAS 4.5 7.4 

LIGHT OILS 

MIDDLE OILS :::l 25.5 t:] 41.9 
HEAVY OILS 17.5 

44.8 27.1 SOLID SRC 

TOTAL PRODUCTS 74.8 76.4 

- ~ 

TOTAL REVENUE*' $ 8.90 $9.88 
'LBS OF PRODUCT/100 LBS OAF FEED COA. 

"DOLLARS OF REVENUE/100 LBS OAF FEED COAL (1990 PRICES IN 1981 DO-LARS, 

TABLE 3 
CORRELATION OF INDEPENDENT COAL CHARACTERISTICS 

AND LIQUEFACTION YIELD DATA 

UYDROGEN HYDROCARBON TOTAL CONVERSION ASPUALTENES/ 
CONSUMPTION GASES OILS OF TRM PREASPUALTENES 

DAF HYDROGEN 0.176 0.156 0.022 0.103 -0,191 

DRY PYRITIC 
SULFUR 0.661 0.131 0.527 0.902 0.214 
DAF VOLATILE 
MATTER - 

VlTRlNlTE 
REFLECTAWE -0.153 -0.289 -0.159 -0.360 -0,120 

0.283 -0.243 0.121 -0.31 1 
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C o r r e l a t i o n  o f  Recycle So lven t  Q u a l i t y  t o  Coal L i q u e f a c t i o n  

F. K. Schweighardt 

I n t e r n a t i o n a l  Coal R e f i n i n g  Company 
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INTRODUCTION 

"Solvent  q u a l i t y "  i s  a c o n t r i v e d  s o l v s n t  p r o p e r t y  used i n  coa l  l i q u e f a c t i o n .  
It i s -  assumed t o  be an impor tan t  gu ide f o r  exp ress ing  how w e l l  a r e c y c l e  s o l v e n t  
w i l l  conve r t  coa l  t o  p roduc ts  s o l u b l e  i n  t e t r a h y d r o f u r a n  (THF) o r  p y r i d i n e .  Over 
t h e  past  40-50 years,  much has been w r i t t e n  about t h e  so l ven ts  used t o  prepare 
c o a l  s l u r r i e s ,  y e t  few s o l v e n t  q u a l i t y  parameters have been q u a n t i f i e d  and r e l a t e d  
t o  process c o n d i t i o n s  o r  feedstocks.  

For t h i s  r e p o r t ,  s o l v e n t  q u a l i t y  was measured by k i n e t i c  m ic roau toc lave  t e s t  
as used a t  t h e  W i l s o n v i l l e  Advanced Coal L i q u e f a c t i o n  F a c i l i t y  (1). The micro-  
au toc lave  method, o r i g i n a l l y  developed by the  Conoco Coal Development Company, 
has been used t o  q u a n t i f y  s o l v e n t  q u a l i t y  a t  W i l s o n v i l l e  s ince  1978. Th is  method 
(Note 1) de f i nes  s o l v e n t  q u a l i t y  as t h e  we igh t  pe rcen t  t e t r a h y d r o f u r a n  so lub les  
generated, based on weight  pe rcen t  mois ture-  and ash - f ree  (MAF) c o a l .  T r a d i t i o n -  
a l l y ,  a s o l v e n t  q u a l i t y  t e s t  r e s u l t  i n  t h e  l ower  range (z65) warned o f  p o t e n t i a l  
p rehea te r  cok ing  problems. More r e c e n t l y ,  s o l v e n t  q u a l i t y  has been used t o  
mon i to r  the e f f e c t s  o f  add ing  l i g h t  s o l v e n t  r e f i n e d  coa l  (LSRC) and d i s t i l l a t e s  
t o  t h e  so l ven t  stream t o  enhance c o a l  l i q u e f a c t i o n  and m a i n t a i n  s o l v e n t  balance. 

T h i s  s tudy  at tempts t o  i d e n t i f y  i m p o r t a n t  independent and dependent v a r i a b l e s  
assoc ia ted  with the  s o l v e n t  r e f i n i n g  o f  coa l  (SAC) by  r e l a t i n g  p l a n t  o p e r a t i o n  t o  
coa l  feedstock and p roduc t  s l a t e  and by c o r r e l a t i n g  t h e  impact t o  changes i n  the  
r e s u l t s  f r o m  t h e  m ic roau toc lave  s o l v e n t  q u a l i t y  t e s t .  

PROPERTIES AN0 CHARACTERISTICS OF COAL LIQUEFACTION SOLVENTS 
I n  SRC l i q u e f a c t i o n ,  an e f f e c t i v e  process so l ven t  should be (a) coa l -de r i ved  

t o  p e r m i t  cont inuous p l a n t  ope ra t i on ;  (b) a d i s t i l l a t e  w i t h  a nominal b o i l i n g  
range o f  450-85OOF; (c)  a b l e  t o  s u s t a i n  a 10-40 w t  % coa l  s l u r r y  through feed 
pumps; (d)  ab le t o  r a p i d l y  accept  coal  d i s s o l u t i o n  p roduc ts  i n  s o l u t i o n  o r  suspens- 
i o n ;  (e) ab le t o  a c t  as a hydrogen donor o r  s h u t t l i n g  agent f o r  hydrogen t r a n s f e r  
under a predominant ly  f r e e - r a d i c a l  mechanism; and ( f )  capable o f  c a r r y i n g  t h e  
l i q u e f a c t i o n  p roduc t  stream th rough  s o l i d / l i q u i d  separa t i on  processes and u l t i m a t e l y  
o f  b e i n g  recyc led  t o  con t inue  t h e  process.  

The chemical p r o p e r t i e s  o f  r e c y c l e  s o l v e n t s  have been well-documented by 
Wh i tehu rs t  e t  a l .  (2) ,  Burke e t  a1.,(3) and Neavel (4). A r e c y c l e  s o l v e n t  
generated under S R C - I  process c o n d i t i o n s  e x h i b i t s  a complex mo lecu la r  compo- 
s i t i o n .  The s o l v e n t  i s  composed o f  a m i x t u r e  o f  a l k y l  (C - C  ) - s u b s t i t u t e d  p o l y -  
n u c l e a r  he te ro -  and hydroaromat i c compounds. Gas chromatoghapf!y/mass spec t romet ry  
(GC/MS) da ta  have revea led  t h a t  40 i n d i v i d u a l  components comprise a lmost  60 w t  % 
o f  t h e  so l ven t .  The remain ing 40 w t  % may i n c l u d e  hundreds t o  thousands o f  
i n d i v i d u a l  compounds (5). The major  mo lecu la r  spec ies a r e  (5-30%) s u b s t i t u t e d  
naphthalenes and (5-1096) phenanthrenes. 

Dur ing  S R C - I  l i q u e f a c t i o n ,  each t i m e  t h e  so l ven t / coa l  m i x t u r e  passed through 
t h e  r e a c t o r  0-30 w t %  new s o l v e n t  m a t e r i a l  i s  generated, on an MAF feed  coa l  
bas i s .  Therefore,  t h e  mo lecu la r  compos i t i on  would be expected t o  c o n s t a n t l y  
change and s h i f t  i n  response t o  p rocess ing  c o n d i t i o n s  and feed  s l u r r y  composi t ion.  
A t  W i l s o n v i l l e ,  the v i r g i n  d i s t i l l a t e  s o l v e n t  e x i t s  t h e  process a t  vacuum tower 
T102, t r a y s  3 and 8 (see F igu re  1 f o r  a process f l o w  scheme). The s o l v e n t  i s  
t hen  h e l d  b r i e f l y  i n  a h o l d i n g  tank (V178), from which d a i l y  samples a re  taken 
f o r  s o l v e n t  q u a l i t y  t e s t i n g .  
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Recently, the s o l v e n t  i n  V178 ( o r i g i n a l l y  V131A) has been mixed w i t h  LSRC o r  
o t h e r  product  streams i n  tank  V131B j u s t  be fo re  i t  i s  r e c y c l e d  i n t o  the  process 
a t  V l O l A  as a new coa l  s l u r r y .  The LSRC, a p roduc t  s t ream from the  c r i t i c a l  
So lven t  deasher, i s  added t o  t h e  d i s t i l l a t e  s o l v e n t  f o r  seve ra l  reasons. Most 
impor tan t  t o  t h e  o v e r a l l  process i s  t h a t  LSRC appears t o  enhance s o l v e n t  q u a l i t y  
by adding h i g h - b o i l i n g  compounds (6 ) ,  and somehow promotes d i s t i l l a t e  y i e l d  so 
t h a t  so l ven t  balance i s  mainta ined.  Handl ing the  LSRC i n  m a t e r i a l  ba lance 
c a l c u l a t i o n s  i s  a problem. If the  LSRC i s  i n e r t ,  i t  can s imp ly  be sub t rac ted .  
However, i f  t h e  LSRC i s  a r e a c t a n t ,  i t s  degree o f  conve rs ion  must be q u a n t i f i e d  
before an o i l  y i e l d  can be computed (7). Because the  a d d i t i o n  of LSRC t o  t h e  
d i s t i l l a t e  s o l v e n t  has n o t  been con t inous  f o r  a l l  coa l  types,  s o l v e n t  q u a l i t y  
va lues from V131B samples a re  n o t  i nc luded  throughout  t h i s  r e p o r t .  

Anthracene o i l  i s  sometimes added t o  the  system a t  V178 t o  m a i n t a i n  s o l v e n t  
balance. For  t h i s  s tudy ,  data p o i n t s  were e l i m i n a t e d  i f  more than  5% by volume 
anthracene o i l  was added t o  t h e  V178 s o l v e n t  w i t h i n  5 days o f  a m a t e r i a l  balance 
pe r iod .  

THE ROLE OF SOLVENT I N  S R C - I  LIQUEFACTION 
Our c u r r e n t  understanding o f  coa l  l i q u e f a c t i o n  i s  t h a t  b i tuminous coa l ,  when 

mixed w i t h  s o l v e n t  a t  200-250°F begins t o  d i s s o l v e ,  b u t  t h a t  most o f  t h e  coa l  
m a t r i x  i s  i n  suspension. The p r imary  d i s s o l u t i o n  p roduc ts  a re  b e l i e v e d  t o  be 
smal l  molecules a l ready  t rapped  w i t h i n  t h e  coa l  (8) .  Depending on coa l  t ype  and 
rank,  these compounds may rep resen t  5-20% o f  t he  coa l .  

A t  W i l s o n v i l l e ,  t he  feed s l u r r y  i s  h e l d  a t  150-250°F (depending on t h e  
pe rcen t  LSRC added) f o r  8-12 h r  w i t h o u t  hydrogen be fo re  i t  e n t e r s  t h e  p rehea te r  
(8102) under p a r t i a l  hydrogen pressure.  Under these h o l d i n g  c o n d i t i o n s  i n  tanks  
V l O l A  and V1018, the  r e c y c l e  s o l v e n t  must e x h i b i t  good d i s s o l v i n g  power. That  
way, t h e  so l ven t  can e x t r a c t  and exchange w i t h  t he  sma l l  molecules t rapped  i n  t h e  
coa l  and f i l l  o t h e r  vo ids  c rea ted  by loss  o f  water  and s w e l l i n g .  

Thermal r e a c t i o n s ,  i n  which s i s s i l e  bonds (9) break and i n i t i a t e  ac tua l  c o a l  
m a t r i x  l i q u e f a c t i o n ,  do n o t  occur u n t i l  -6OOOF. Such temperatures a r e  f i r s t  
reached i n  t h e  p rehea te r  (8102) under -2,000 p s i  hydrogen pressure.  A t  l i q u e -  
f a c t i o n  temperatures, t h e  nascent f r e e  r a d i c a l s  apparen t l y  r a p i d l y  combine w i t h  
l a b i l e  hydrogen from t h e  feed  coa l  d u r i n g  the  f i r s t  . l - 5  min, forming a c r e s o l -  
( o r  p y r i d i n e - )  s o l u b l e  p roduc t  (4). When temperatures i n  t h e  p rehea te r  reach 
78OoF, the  r e c y c l e  s o l v e n t  appears t o  r a p i d l y  s o l v a t e  t h e  p r imary  l i q u e f a c t i o n  
product .  A f t e r  t h e  process s l u r r y  stream en te rs  t h e  r e a c t o r ,  t h e  exothermic 
r e a c t i o n  d r i v e s  the  temperature t o  a lmost  84OOF d u r i n g  a res idence t ime  o f  30-60 
min. I n  the  r e a c t o r  t he  o r i g i n a l  r e c y c l e  s o l v e n t  and t h e  new coa l  product  
components s h u t t l e  hydrogen t o  f r e e - r a d i c a l  s i t e s  generated from s p l i t t i n g  and 
c rack ing  a t  r e a c t i o n  temperature (840OF). 

The so l ven t ,  which i s  now m o d i f i e d  i n  mo lecu la r  composi t ion by  t h e  a d d i t i o n  
o f  c r a c k i n g  and s p l i t t i n g  products  from 0-30 w t  % MAF c o a l ,  can i t s e l f  be rehydro- 
genated. Th is  newly a v a i l a b l e ,  "donatable"  hydrogen can be s h u t t l e d  t o  more 
r e c e n t l y  generated a c t i v e  s i t e s  formed i n  r e a c t o r  R l O l  t o  f u r t h e r  s t a b i l i z e  the 
system. 

That p o r t i o n  o f  t h e  s o l v e n t  t h a t  i s  a c t i v e  i n  s h u t t l i n g  hydrogen t o  f ree -  
r a d i c a l  s i t e s  has been assoc ia ted  w i t h  t h e  hydroaromat ic  con ten t .  Other  hydrogen- 
t r a n s f e r  spec ies have been suggested ( 2 )  t o  be a c t i v e  when hydroaromat ic  species 
were absent o r  depleted,  i n c l u d i n g  aromat ic  hyd roxy l  (e .g . ,  p-naphthol )  and a l k y l  
(methy l )  s i d e  chains l i k e  those found on 2-methylnaphthalene. Curran e t  a l .  (10) 
concluded t h a t  t h e  l i q u e f a c t i o n  s o l v e n t  needs s u f f i c i e n t  donatable hydrogen t o  
promote g r e a t e r  d i s t i l l a t e  y i e l d  and reduce cok ing,  and t h a t  t h e  hydrogen can 
come from many sources. 

i 
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C o r r e l a t i o n  o f  So lven t  Q u a l i t y  t o  Process Opera t i on  
A rev iew  o f  p a s t  o p e r a t i n g  r e p o r t s  from W i l s o n v i l l e  and i n t e r v i e w s  w i t h  

W i l s o n v i l l e  s t a f f  r e s u l t e d  i n  an- assemblage o f  48 p r imary  parameters t h a t  def ine 
a p i l o t  p l a n t  r u n  under t h e  S R C - I  f i r s t - s t a g e  regime (Note 2) .  F i f t y - s e v e n  data 
p o i n t s  analyzed f o r  these 48 v a r i a b l e s  span f rom 1978 ( r u n  133) t o  1982 ( run  
234). D u r i n g  t h i s  pe r iod ,  f i v e  ma jo r  c o a l  types were processed f o r  3-58 days on 
stream, p e r  run. Usua l l y  one t o  t h r e e  da ta  p o i n t s  from each run were se lec ted  t o  
rep resen t  a m a t e r i a l  ba lance a t  nominal s teady -s ta te  c o n d i t i o n s .  These m a t e r i a l  
balance p o i n t s  form the  da ta  base o f  t h i s  r e p o r t .  

In ana lyz ing  these data,  we assumed t h a t  each coal  t y p e  can be viewed inde -  
pendent ly ,  and t h a t  data f o r  each c o a l  t y p e  can be averaged. The reason f s r  t h i s  
assumption was t h a t  we b e l i e v e  t h e  v a r i a b i l i t y  i n  csa i  r e a c t i v i t y  changes t h e  
demand o n  t h e  o p e r a t i n g  c o n d i t i o i l s ,  generates a c o a l - s p e c i f i c  r e c y c l e  s o l v e n t  
a f t e r  l i n e  au t ,  and would promote a un ique p roduc t  d i s t r i b u t i o n .  A l l  coa l s  o r  
s i m i l a r  c o a l  types a re  combined o n l y  when deemed necessary f o r  genera l  comparison 
purposes. The o b j e c t i v e  o f  t h i s  s tudy  i s  t h e r e f o r e  t o  r e l a t e  t h e  m ic roau toc lave  
s o l v e n t  q u a l i t y  t e s t  r e s u l t  t o  process f a c t o r s  t h a t  cause o r  a r e  a f f e c t e d  by a 
change i n  t h e  s o l v e n t ' s  r o l e  i n  S R C - I  l i q u e f a c t i o n .  

The o b j e c t i v e s  o f  f i r s t - s t a g e  SRC-I l i q u e f a c t i o n  a r e  assumed t o  be: 

o Maximum convers ion o f  coa l  t o  c r e s o l  ( o r  p y r i d i n e )  so lub les  
o Minimum hydrogen consumption based on MAF coa l  convers ion 
o Maintenance o f  process s o l v e n t  i n  s o l v e n t  ba lance 
o Minimum hydrocarbon and maximum heteroatom gas p r o d u c t i o n  
o Minimum preasphal tene c o n t e n t  i n  t h e  vacuum tower  (T102) bottoms 

The ma jo r  process v a r i a b l e s  cons ide red  a re  c o a l  t ype ,  d i s s o l v e r  (R101) 
temperature and pressure,  and coa l  space r a t e  i n  t h e  d i s s o l v e r .  

React ion s e v e r i t y ,  i . e . ,  t h e  degree o f  coa l  conve rs ion  t o  d i s t i l l a t e  and 
gas, can be assessed from y i e l d  s t r u c t u r e  i n f o r m a t i o n ,  such as hydrocarbon and 
heteroatom gas p r o d u c t i o n  ( t o t a l  gas minus H20) and n e t  hydrogen consumption. 

A l though t o t a l  gas p r o d u c t i o n  may n o t  seem t o  r e l a t e  t o  t h e  r e c y c l e  s o l v e n t ' s  
p h y s i c a l  or chemical p r o p e r t i e s ,  i t  i s  presumed t o  be a f f e c t e d  by " s o l v e n t  q u a l i t y . "  
So lven t  q u a l i t y  i n  t h i s  case r e f e r s  t o  t h e  s o l v e n t ' s  a b i l i t y  t o  s h u t t l e  hydrogen 
t o  those coal  spec ies t h a t  have s p l i t  i n t o  l a r g e  components and t o  min imize 
hydrocarbon c r a c k i n g  t h a t  forms C1;C4 gases. 

The benzene so lub les  (SRC o i l s  and asphal tenes)  o f  t he  vacuum tower  bottoms 
(T102) and t h e  t o t a l  SRC ( p y r i d i n e  s o l u b l e s )  o f  t h i s  same stream may be t h e  b e s t  
analyzed samples t o  q u a n t i f y  b o t h  p r o d u c t  d i s t r i b u t i o n  and r e a c t i o n  s e v e r i t y .  
T h i s  T102 bottoms stream i s  "process-normal ized"  i n  t h a t  minor  process excu rs ions  
a r e  averaged by t h e  volume and th roughpu t  o f  t h e  tower. 

Process s o l v e n t  i s  n o t  measured, b u t  i t  i s  determined by d i f f e r e n c e  when 
c a l c u l a t i n g  a m a t e r i a l  ba lance f rom l a b o r a t o r y  d i s t i l l a t i o n  (450-end p o i n t )  and 
subsequent gas chromatography r e s u l t s  (450-850OF). We b e l i e v e  process s o l v e n t  
y i e l d  i s  n e i t h e r  a p r e c i s e  n o r  an accu ra te  parameter t o  cons ide r  f o r  c o r r e l a t i o n .  

The l i g h t  o i l s  (C5-45OoF), which a r e  q u a n t i f i e d  by  gas chromatography data,  
p r o v i d e  another  measure o f  l i q u e f a c t i o n  s e v e r i t y  and s o l v e n t  breakdown independent 
o f  t o t a l  gas p roduc t i on .  

Table 1 l i s t s  t y p i c a l  process parameters w i t h  t h e  l i m i t s  o f  t he  va lues 
accepted as equ iva len t  i n  t h i s  s tudy.  
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Table 1 

W i l s o n v i l l e  SRC Process Cond i t i ons  

D i s s o l v e r  pressure 

D i s s o l v e r  temperature 

D isso lve r  volume i n  use 

Coal space r a t e  

1,700 _+ 100 p s i g  

825 f 10°F 

7 5% 

38 t 3 l b / h r - f t  
3 

H2 p a r t i a l  pressure (hea te r  i n l e t )  

Representat ive s o l v e n t  q u a l i t y  t e s t  r e s u l t s  f o r  V178 ( h o l d i n g  tank )  s o l v e n t  
c o l l e c t e d  over t h e  p a s t  4 yea rs  a r e  p l o t t e d  as a f u n c t i o n  o f  t ime  and coa l  t ype  
i n  F igu re  2. Day-to-day v a r i a t i o n  can be as g r e a t  as 10 u n i t s  on t h e  s o l v e n t  
q u a l i t y  scale. As an a n a l y t i c a l  t e s t ,  s o l v e n t  q u a l i t y  may be considered t o  have 
a p r e c i s i o n  o f  +2. 

RESULTS 

To ta l  Gas Product ion 
F igu re  3 p l o t s  t h e  e n t i r e  data s e t  f o r  t o t a l  hydrocarbon and heteroatom gas 

p roduc t i on  (MAF c o a l )  vs. s o l v e n t  q u a l i t y  f o r  a l l  coa ls .  The d i s t r i b u t i o n  i s  
c l u s t e r e d  a t  8 * 2% t o t a l  gas and 75 2 6 s o l v e n t  q u a l i t y .  R e p l o t t i n g  t o t a l  gas 
p roduc t i on  from Kentucky #9 coal  o n l y  g i v e s  f o u r  d i s t r i b u t i o n  curves,  one f o r  
each mine. F igu re  4 shows t h a t  each p l o t  has d i s t i n c t  c l u s t e r s  and a few o u t l y i n g  
data p o i n t s .  I n  F igu re  4, t h e  data p o i n t s  a re  coded t o  d e f i n e  common d i s s o l v e r  
c o n d i t i o n s  (pressure,  temperature, and volume used). Only i n  t h e  F i e s  Mine 
Kentucky #9 coa l  i s  t h e r e  an apparent s h i f t  t o  g r e a t e r  gas p r o d u c t i o n  a t  h ighe r  
d i s s o l v e r  temperature and pressure.  F igu re  5 p rov ides  a d i f f e r e n t  p e r s p e c t i v e  by 
p l o t t i n g  t o t a l  gas p r o d u c t i o n  data as a f u n c t i o n  o f  days on stream over  4 years.  
Note t h a t  because da ta  p o i n t s  a re  presented, process c o n d i t i o n s  v a r i e d  more 
than the  accepted l i m i t s  g i v e n  i n  (Table 1) f o r  any one common p rehea te r / reac to r  
c o n d i t i o n .  Note t h a t  h i g h  gas p roduc t i on  u s u a l l y  f o l l o w s  a change i n  coa l  type.  
Th is  t r e n d  i s  apparen t l y  independent o f  r e a c t o r  pressure,  coa l  space r a t e ,  and 
a lmost  independent o f  temperature (825-840OF). 

Gas p r o d u c t i o n  i s  graphe'd as a f u n c t i o n  o f  t o t a l  e lementa l  hydrogen consump- 
t i o n  i n  F igu re  6; a l l  da ta  p o i n t s  a r e  presented.  I f  a t o t a l  gas p r o d u c t i o n  range 
o f  5-10% and a hydrogen consumption o f  1.5-3% on MAF coa l  a r e  a r b i t r a r i l y  s e t  as 
lower  and upper l i m i t s ,  t he  p o i n t s  o u t s i d e  these l i m i t s  a r e  m a i n l y  those from t h e  
m a t e r i a l  balance pe r iods  taken  w i t h i n  30 days a f t e r  a change i n  coa l  t ype  f o r  
S R C - I  process ing.  These same p o i n t s  a re  t h e  o u t l y i n g  da ta  p o i n t s  i n  F i g u r e  4. 

1,470 ? 75 p s i  

Product  C o r r e l a t i o n  t o  So lven t  Q u a l i t y  
I n  o rde r  t o  analyze the  da ta  mean ing fu l l y  and o b j e c t i v e l y ,  we r e l a t e d  s o l v e n t  

q u a l i t i e s  t o  p roduc t  d i s t r i b u t i o n  by coa l  t ype  a t  t h e  s e l e c t e d  m a t e r i a l  balance 
pe r iods .  Process v a r i a b l e s  such as p rehea te r  temperature and r e a c t o r  pressure,  
temperature, and volume a re  documented i n  t h e  d iscuss ion.  

D o t i k i  Kentucky #9 Coal. The major d i f f e r e n c e s  i n  p rocess ing  D o t i k i  coa l  
occurred between Runs 202/203 and 204/206/208. The f i r s t  s e t  o f  runs was 
conducted a t  a lower  d i s s o l v e r  temperature (825 vs. 84OOF). A lso,  t h e  p y r i t e  
con ten t  o f  t h e  coa l  i n  runs 2068 and 208 was l e s s  than  1.1%, whereas i n  r u n  203 
i t  was 1.3%. 

F igures 7A-7D p l o t  s o l v e n t  q u a l i t y  vs. s p e c i f i c  p r o d u c t  components. F igu re  7A 
( p y r i t e  con ten t  vs. s o l v e n t  q u a l i t y )  i d e n t i f i e s  each p o i n t  by run/  m a t e r i a l  
balance number and can be used as a gu ide  t o  i d e n t i f y  t h e  e q u i v a l e n t  r u n  i n  
F igu res  76-70. 
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Solvent  q u a l i t y  does n o t  appear t o  a f f e c t  p roduc t  y i e l d .  However, the 
pe rcen t  p y r i t e  i n  the  feed  c o a l  appears t o  a f f e c t  s o l v e n t  q u a l i t y ;  t h a t  i s ,  if 
t h e  percent  p y r i t e  i s  below 1 .1  w t  %, t h e  s o l v e n t  q u a l i t y  va lue  dev ia tes  from the 
major  d i s t r i b u t i o n  c l u s t e r .  The o p e r a t i n g  c o n d i t i o n s  d u r i n g  runs 206 and 207 
were upset because the  h igh -p ressu re  separator  f a i l e d  and n e a r l y  70 v o l  % o f  the 
u n i t  was f i l l e d  w i t h  c r e s o l - i n s o l u b l e  m a t e r i a l .  Run 208, which was s h o r t ,  however, 
had t h e  h i g h e s t  s o l v e n t  q u a l i t y  (70) and lowes t  (1.1%) p y r i t e  con ten t .  Th is  
s o l v e n t  q u a l i t y  v a l u e  i s  u n u s u a l l y  h igh ;  i t s  cause i s  unknown and o n l y  one m a t e r i a l  
ba lance (MB) sample was taken f o r  t h i s  run. D a i l y  s o l v e n t  q u a l i t i e s  measured 
b e f o r e  and a f t e r  t h e  208AB MB were between 64 and 66. 

La faye t te  Kentucky #9 Coal. Runs 163 t o  201 were conducted w i t h  La faye t te  
c o a l .  Runs 163, 166, and 201 were a t  75% d i s s o l v e r  volume a t  1,700 p s i  and 
825OF; d i s s o l v e r  p ressu re  i n  runs 167, 168, 171, and 172 increased t o  2,100 p s i  
with ori iy 50 v o i  X o f  t h e  d i s s o l v e r  i n  use; and r u n  190 was per formed a t  2,100 
p s i ,  825OF. and 75% d i s s o l v e r  volume. The l a r g e s t  volumes o f  anthracene o i l  were 
added t o  t h e  system between runs 170 and 182. So lven t  q u a l i t y  increased from 65 
t o  75, bu t  f e l l  t o  68 a f t e r  r u n  182 and remained t h e r e  u n t i l  t h e  n e x t  coa l  type 
( D o t i k i )  was used. F igu res  8A-8D i l l u s t r a t e  t h e  r e l a t i o n s h i p  f o r  L a f a y e t t e  coal .  
Note t h a t  most L a f a y e t t e  feed  c o a l s  had a p y r i t e  c o n t e n t  o f  l e s s  than  1 .2  w t  %. 

Pyro Kentucky #9 Coal. Pyro Mine c o a l  was r u n  under d i s s o l v e r  c o n d i t i o n s  o f  
1,700 p s i  and 825OF f o r  runs 151, 159, 160. and 161, and a t  2,100 p s i  and 825OF 
f o r  r u n  162. These process c o n d i t i o n s  a r e  the  most cons tan t  f o r  t h e  coa ls  tested.  
Because r u n  151 was conducted w i t h  Ind iana  V s o l v e n t  and processed 3 months 
b e f o r e  run 159, r u n  151 can be e l i m i n a t e d  from each s o l v e n t  q u a l i t y  c o r r e l a t i o n .  
F igu res  9A-9D show t h e  r e l a t i o n s h i p  between Pyro coa l  s o l v e n t  q u a l i t y  and product  
d i s t r i b u t i o n .  Product  y i e l d  ranged w i d e l y  (+8%), b u t  s o l v e n t  q u a l i t y  changed 
o n l y  s l i g h t l y  (+ 2 ) .  The range o f  p r o d u c t  d i s t r i b u t i o n  i s  no l e s s  than  t h a t  f o r  
o t h e r  coal types t h a t  exper ienced s o l v e n t  q u a l i t y  changes o f  more than  + l o  from 
t h e  average. 

F ies  Kentucky #9 Coal. F i e s  Mine c o a l  was processed under t h e  most v a r i e d  
c o n d i t i o n s  o f  a l l  coa l  types (Note 2). Most F i e s  Mine coa l  was r u n  a t  d i s s o l v e r  
c o n d i t i o n s  o f  2,100 p s i ,  84OoF, and 75 v o l  %. Only  t h r e e  feed coa ls  (229A, 2298, 
and 210AB) had a p y r i t e  c o n t e n t  be low 1.1%. Anthracene o i l  was added o n l y  once, 
a f t e r  run 210. So lven t  q u a l i t y  was 75 and was n o t  g r e a t l y  a f f e c t e d  (i2). The 
reason f o r  t h i s  i s  n o t  c l e a r ,  b u t  t h e  optimum a c t i v i t y  o f  hydrogenated anthracene 
o i l  may be 75 k 2 as measured by t h e  s o l v e n t  q u a l i t y  t e s t .  So lven t  q u a l i t y  and 
p r o d u c t  d i s t r i b u t i o n  f o r  F i e s  Mine coa l  are compared i n  F igu res  10A-100. I n  
genera l ,  o n l y  t o t a l  gas p r o d u c t i o n  (dep ic ted  e a r l i e r  i n  F i g u r e  4) shows any 
apparent  c o r r e l a t i o n  between s o l v e n t  q u a l i t y  and d i s s o l v e r  temperature: lower 
d i s s o l v e r  temperature and h i g h e r  s o l v e n t  q u a l i t y  y i e l d  t h e  l owes t  gas p roduc t i on .  

E f f e c t  o f  So lven t  Q u a l i t y  on t h e  A t ta inmen t  o f  L i q u e f a c t i o n  Ob jec t i ves  
We assume so lven ts  a r e  p r i m a r y  p roduc ts  o f  t he  feed  coa ls ,  t h e r e f o r e  t h e i r  

composi t ions a re  a f f e c t e d  f i r s t  by  t h e  c o a l ' s  s t r u c t u r e ,  second by process ing 
c o n d i t i o n s ,  and t h i r d  by  a d d i t i o n  o f  e x t e r n a l  m a t e r i a l  (LSRC), c o n t r o l  o f  d i s t i l -  
l a t e  b o i l i n g  p o i n t  d i s t r i b u t i o n ,  o r  m o d i f i c a t i o n  by  chemical means. 

Once a new s teady -s ta te  process c o n d i t i o n  i s  reached and t h e  s o l v e n t  l i n e d  
o u t ,  t he  s o l v e n t ' s  new p r o p e r t i e s  apparen t l y  a l l o w  a d i f f e r e n t  p roduc t  y i e l d  
d i s t r i b u t i o n  t o  be mainta ined.  The p rehea te r  and r e a c t o r  temperatures have t h e i r  
g r e a t e s t  impact  on t h e  r a t e  o f  f o r m a t i o n  o f  p r imary  l i q u e f a c t i o n  p roduc ts  t h a t  
p l a c e  a demand on t h e  s o l v e n t  f o r  r a p i d  coa l  d i s s o l u t i o n  and hydrogen donat ion.  

If the s o l v e n t  i s  r e t u r n e d  t o  t h e  f r o n t  end w i t h o u t  a d d i t i o n  from another 
s t ream (LSRC o r  d i s t i l l a t e ) ,  we can a t  b e s t  a n t i c i p a t e  an apparent  s teady -s ta te  
s o l v e n t  because t h e  feed coa l  i s  c o n s t a n t l y  changing. Most i m p o r t a n t l y ,  t he  
c o a l ' s  p y r i t e  c o n t e n t  and d i s t r i b u t i o n  i s  more v a r i a b l e  than t h e  o rgan ic  macro- 
mo lecu la r  s t r u c t u r e .  F i g u r e  11 shows t h e  range i n  s o l v e n t  q u a l i t y  as a f u n c t i o n  
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O f  Coal t ype  w i t h  and w i t h o u t  LSRC a d d i t i o n ,  independent o f  process c o n d i t i o n s ,  
f o r  a l l  m a t e r i a l  balance pe r iods .  C i r c l e s  rep resen t  average r e s u l t s ,  and t h e  
ba rs  de f i ne  the  upper and lower  l i m i t s  o f  t h e  s o l v e n t  q u a l i t y .  

Next, we considered o n l y  those s o l v e n t  q u a l i t y  r e s u l t s  ob ta ined  from m a t e r i a l  
ba lances more than 30 days a f t e r  a change i n  feed  coa l  t ype  and more than  5 days 
a f t e r  a d d i t i o n  o f  anthracene o i l .  A l l  da ta  p o i n t s  were averaged by  coa l  t ype  
w i t h  respec t  t o  t h e i r  p y r i t e  c o n c e n t r a t i o n  (F igu re  12). 

F igu re  12 shows t h a t  t he  F ies,  Pyro, and Ind iana  V c o a l s  w i t h  >1.2% p y r i t e  
generated so l ven ts  w i t h  average SQ values above 72. The t r e n d  o f  F i e s ,  Pyro, and 
Ind iana  coal  data c l u s t e r i n g  toge the r  and D o t i k i  and L a f a y e t t e  coa l  d a t a  c l u s t e r i n g  
toge the r  was a l s o  observed f o r  n e a r l y  a l l  average p roduc t  d i s t r i b u t i o n s  (e .g . ,  
F igu res  7-11) as w e l l  as o t h e r  v a r i a b l e s  n o t  i n c l u d e d  i n  t h i s  r e p o r t .  

Measurement o f  L i q u e f a c t i o n  Behavior 
Based on these obse rva t i ons ,  a l o g i c a l  approach t o  d e f i n i n g  coa l -de r i ved  

r e c y c l e  s o l v e n t  q u a l i t y  i s  t o  r e a c t  samples o f  t h e  s o l v e n t ,  o r  t he  m o d i f i e d  
so l ven t ,  i n  t h e  microautoc lave t e s t  w i t h  t h e  d a i l y  f eed  coa l .  T h i s  s o l v e n t  
q u a l i t y  t e s t  would i n v o l v e  comparison o f  t h e  d a i l y  m ic roau toc lave  p roduc t  d i s t r i -  
b u t i o n  ( res idue,  preasphal tenes,  and t o t a l  benzene s o l u b l e s )  w i t h  t h e  p roduc t  
d i s t r i b u t i o n  f o r  a we l l -ma in ta ined  s tandard coa l  o f  t he  same type. The p r imary  
l i q u e f a c t i o n  a c t i v i t y  o f  t he  s o l v e n t  would be determined under hydrogen-starved, 
s o l v e n t - r i c h  c o n d i t i o n s ,  t o  mimic t h e  s l u r r y  tanks and t h e  r a p i d  coa l  d i s s o l u t i o n  
process i n  the  p rehea te r  a t  750 f Z0F. The secondary l i q u e f a c t i o n  a c t i v i t y  o f  
t h e  so l ven t  would be determined from a s i m i l a r  p roduc t  d i s t r i b u t i o n  under hydrogen- 
r i c h  c o n d i t i o n s  (2,000 p s i ) ,  t o  q u a n t i f y  t h e  s u s t a i n i n g  hyd rogen- t rans fe r  r e a c t i o n s  
i n  t h e  reac to r .  

These two t e s t s  would be made w i t h i n  t h e  same sand ba th ;  a t  t h e  same t ime ,  a 
t h i r d  t e s t  microautoc lave would be run. I n  t h i s  t h i r d  bomb, t h e  s tandard coa l  
t ype  would be reac ted  w i t h  a s tandard model compound s o l v e n t  m ix tu re .  Together, 
a l l  t h r e e  r e s u l t s  would p r o v i d e  i n t e r n a l  checks on t h e  r e l i a b i l i t y  o f  t h e  t e s t  
(s tandard coa l  vs. s tandard so l ven t ) ;  optimum con t inued  d i s s o l u t i o n  o f  process 
coa l  ( f eed  coa l  vs. r e c y c l e  so lvent /no H ) ;  and optimum con t inued  convers ion  t o  
t h e  des i red  p roduc t  s l a t e  ( feed  coa l  5. r e z y c l e  so l ven t /  H2). 

F igu re  13 summarize how t h i s  approach t o  measuring s o l v e n t  q u a l i t y  c o u l d  be 
used t o  p r e d i c t  l i q u e f a c t i o n  behavior  o f  t h e  nex t  day ' s  ope ra t i on .  Over a 3-month 
p e r i o d  i n  ou r  l a b o r a t o r i e s ,  we have demonstrated t h a t  s o l v e n t s  from h o l d i n g  t a n k  
V178  y i e l d  d i f f e r e n t  SQ va lues depending on whether t h e y  a r e  t e s t e d  w i t h  t h e  feed  
coa l  t h a t  t hey  w i l l  be s l u r r i e d  w i t h i n  t h e  nex t  r u n  o r  a s tandard  Ind iana  V c o a l .  
The g r e a t e s t  d i f f e r e n c e  i s  t he  r e l a t i v e  d i s t r i b u t i o n  o f  benzene s o l u b l e s  t o  
preasphal tenes.  S i l v e r  and M i l l e r  (11) were f i r s t  t o  n o t e  s i m i l a r  c o a l  conve rs ion  
d i f f e r e n c e s  when u s i n g  a s o l v e n t  generated from Wyodak coa l  and r e a c t i n g  i t  w i t h  
Kentucky #9 coa l .  

SUMMARY 
The concept o f  q u a n t i f y i n g  s o l v e n t  q u a l i t y  by  a m ic roau toc lave  t e s t  does 

have m e r i t  i f  t h e  t e s t  i s  r u n  w i t h  t h e  same c o a l - t y p e  used t o r  coa l  l i q u e f a c t i o n .  
C o r r e l a t i o n  o f  t h e  s o l v e n t  q u a l i t y  r e s u l t  t o  p rehea te r  chemis t r y  ( r a p i d  coal  
d i s s o l u t i o n  w i t h  minimum hydrogen s h u t t l i n g )  and r e a c t o r  chemis t r y  ( r a p i d  and 
s u s t a i n i n g  hydrogen d o n a t i o n / s h u t t l i n g )  i s  apparen t l y  poss ib le .  A s  used a t  
W i l s o n v i l l e  d u r i n g  runs 133-234, the m ic roau toc lave  SQ r e s u l t  was o f  t a n g e n t i a l  
s i g n i f i c a n c e  f o r  abso lu te  day-to-day p i l o t  p l a n t  ope ra t i on .  However, d u r i n g  the 
p a s t  4 yea rs  t h e  W i l s o n v i l l e  s t a f f  has c o l l e c t e d  SQ d a t a  under t h e  most v a r i e d  o f  
c o n d i t i o n s ,  e.g., changes i n  feed  coa l ,  a d d i t i o n  o f  LSRC t o  t h e  s o l v e n t ,  r e d e f i n i t -  
i o n  o f  s o l v e n t  b o i l i n g  range, and most r e c e n t l y ,  a d d i t i o n  o f  h y d r o t r e a t e d  m a t e r i a l  
t o  t he  so l ven t .  These SQ r e s u l t s  do p r o v i d e  us w i t h  a r e l a t i v e  measure o f  coal 
convers ion behav io r  t o  s o l v e n t  composi t ion under p i l o t  p l a n t  c o n d i t i o n s  t o  consider  
f o r  f u t u r e  process design. The W i l s o n v i l l e  s t a f f  has prepared a t o p i c a l  r e p o r t  
on s o l v e n t  a c t i v i t y  c o v e r i n g  t h i s  s u b j e c t  (12). 
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From o u r  SQ s tudy of W i l s o n v i l l e  i t  i s  our  o p i n i o n  t h a t  bench-scale exper i -  
ments comparing d i f f e r e n t  c o a l s  w i t h  s o l v e n t s  o f  ques t i onab le  parentage f o r  
s i n g l e  pass convers ion a re  a t  b e s t  of  l i m i t e d  r e l a t i v e  value, and r e s u l t  i n  
c o n f l i c t i n g  i n t e r p r e t a t i o n s  from l a b  t o  l ab .  Such experiments do d e f i n e  t h e  k ind  
o f  s o l v e n t  composi t ion t h a t  p rov ides  s p e c i f i c  r e s u l t s .  I f  such r e s u l t s  o r  such 
so l ven ts  can be produced i n  s i t u  i s  another  ques t i on .  Laboratory  l i q u e f a c t i o n  
experiments t h a t  may be t h e  most meaningfu l  (a l t hough  t h e  most time-consuming and 
expensive) a re  f u l l  r e c y c l e  o f  t h e  s o l v e n t  f o r  a t t a i n i n g  apparent s teady-state 
ope ra t i on .  We es t ima te  5-12 s o l v e n t  passes a re  r e q u i r e d  f o r  l i n e - o u t  depending 
on process c o n d i t i o n s .  
Note 1 

W i l s o n v i l l e  So lven t  Q u a l i t y  T e s t  (#43080-GO): I n t o  a 30 mL bomb, add 
1.5 g o f  s tandard 1nd;an.i '4 c o a l ,  12 g o f  so l ven t ,  and a 1 - i n .  s t e e l  rod. 
P lace i n  sandbath (750°F) f o r  10 min and shake a t  1,000 spm over 1.5 i n .  
E x t r a c t  t h e  r e a c t i o n  p roduc ts  w i t h  t e t r a h y d r o f u r a n  (THF) t o  determine THF 
i n s o l u b l e s .  Ca lcu la te  pe rcen t  conve rs ion  on MAF coa l .  See Reference 12 f o r  
d e t a i l s .  

Note 2 
The f u l l  data base i s  a v a i l a b l e  upon reques t  f rom t h e  author .  
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FIGURE 8 
SOLVENT OUALITY VS. 

PRODUCT YIELDS FOR LAFAVETTE COAL 
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F I Q U R E B  
SOLVENT DUALITY VS. 

PRODUCT YIELDS FOR PVRD COAL 
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EFFECTS OF HEAVY RECYCLE SOLVENT 
COMPONENTS ON DIRECT COAL LIQUEFACTION 
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I n t r o d u c t i o n  

The q u a l i t y  o f  t h e  r e c y c l e  s o l v e n t  i s  c r i t i c a l l y  impor tan t  i n  a l l  d i r e c t  
coa l  l i q u e f a c t i o n  processes. The f a c t  t h a t  o v e r a l l  so l ven t  q u a l i t y  can be g r e a t -  
l y  improved by adding some o f  t h e  l i g h t e r  n o n d i s t i l l a b l e  products  t o  the  s o l v e n t  
i s  one o f  t h e  m s t  impor tan t  d i s c o v e r i e s  i n  d i r e c t  coa l  l i q u e f a c t i o n  research i n  
r e c e n t  years.(1! Many r e c e n t  s t u d i e s  have focused on t h e  r o l e  o f  s o l v e n t  i n  
d i r e c t  l i q u e f a c t i o n .  
s o l v i n g  coal d u r i n  i n ' t i a l  preasphal tene format ion comes from t h e  s o l v e n t  r a t h e r  
than hydrogen gas.71321 The h i g h  mo lecu la r  we igh t  aromat ic  hydrocarbons i n  t h e  
r e c y c l e  so l ven t  a r e  p a r t i c u l a r l y  adept a t  t r a n s f e r r i n g  hydrogen t o  coa l  and can 
r e t a r d  r e t r o g r e s s i v e  r e a c t i o n s  which can l e a d  t o  t h e  format ion o f  undes i rab le  
i n s o l u b l e  products .  
i n  l a r g e  p a r t  by h i a h  mo lecu la r  we igh t  s o l v e n t  

r e c y c l e  so l ven t .  
have been shown t o  be e x c e l l e n t  hydrogen t r a n s f e r  agents(4L and may a l s o  r e a d i l y  
pene t ra te  t h e  coa l  s t r u c t u r e  t o  r e  c w i t h  r e a c t i v e  coa l  species be fo re  r e t r o -  
g ress i ve  reac t i ons  can take  p l a c e . 7 5 j  

One o f  t h e  problems encountered i n  a l l  o f  these s tud ies  has been t h a t  when 
a c t u a l  process de r i ved  so l ven ts  a r e  used, t hey  a re  s o  complex t h a t  t h e  r e s u l t s  
a r e  ha rd  t o  ass ign unambiguously t o  p a r t i c u l a r  chemical p r o p e r t i e s  o f  t h e  so lvent ,  
w h i l e  t h e  use o f  model compounds have s imp ly  no t  i n c l u d e d  m a t e r i a l s  o f  s u f f i c i e n t l y  
h i g h  molecular  weight  t o  adequate ly  rep resen t  the  heav ie r  species i n  t r u e  r e c y c l e  
s o l  vents. 

t h e  heavier  m a t e r i a l s  i n  a process d e r i v e d  l i q u e f a c t i o n  so l ven t .  Solvents  obta ined 
from near e q u i l i b r i u m  o p e r a t i o n  o f  t h e  Lummus ITSL Process a r e  being used because 
o the rs  hav 
processes .76S 

It has been shown t h a t  most hydrogen t r a n s f e r r e d  t o  t h e  d i s -  

On t h e  o t h e r  hand, t h e  coke format ion r e a c t i o n s  a re  a l s o  caused 
ponents, p a r t i c u l a r l y  those con- 

t a i n i n g  phenol ics  and p o l y f u n c t i o n a l  compounds. FBT 
Other s t u d i e s  have focused on t h e  r o l e  o f  n i t r o g e n - c o n t a i n i n g  aromat ics i n  the  

The lower  mo lecu la r  we igh t  aromat ics whi h c o n t a i n  bas i c  n i t r o g e n  

The purpose o f  t h i s  work i s  t o  f u r t h e r  s tudy the  l i q u e f a c t i o n  chemist ry  o f  

hown t h a t  t h i s  s o l v e n t  i s  l e s s  complex than so l ven ts  f rom o t h e r  

Experimental 

Samples o f  SCT Recycle So lven t  (2SCT16-1122), t h e  s o l v e n t  recyc led  t o  the  
s h o r t  con tac t  t ime coa l  d i s s o l u t i o n  s tep,  and SCT Heavy O i l  Product (2SCT16-1122), 
t h e  500'F product  f rom the  same process step, were ob ta ined  from t h e  Lummus ITSL 
Process p i l o t  p l a n t .  

Analyses a re  
l i s t e d  i n  Table 1. Both have number average molecular  weights  (by vapor pressure 
osmometry) between 400-500 grams/mole. 
i m a t e l y  a 1.8: l  m ix tu re  o f  reac ted  SCT Recycle Solvent  and d i sso l ved  coa l ,  has an 
H/C r a t i o  o f  0.80, s l i g h t l y  h i g h e r  than  t h e  H/C r a t i o  o f  t h e  s t a r t i n g  I l l i n o i s  #6 
coa l  and somewhat l e s s  than t h e  H/C r a t i o ,  0.95, o f  t h e  SCT Recycle Solvent .  

I l l i n o i s  #6 coa l  used i n  t h e  Lummus ITSL Process was a l s o  obta ined and 
analyzed w i t h  the  r e s u l t s  shown i n  Table 2 .  
mately  4 percent  mo is tu re  and ground t o  more than 70 percent  -200 mesh f o r  use 
i n  t h e  process. 

Both o f  these m a t e r i a l s  a r e  b lack  s o l i d s  a t  room temperature. 

The SCT Heavy O i l  Product, which i s  approx- 

Ihe coa l  has been d r i e d  t o  approx i -  
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The procedure used f o r  t h e  l i q u e f a c t i o n  s t u d i e s  cons is t s  o f  m ix ing  s o l v e n t  
and Coal i n  a microautoc lave (%18 cc volume) and p r e s s u r i z i n q  w i t h  e i t h e r  hydrogen 
O r  hel ium, con ta in ing  a smal l  amount o f  k ryp ton  as an i n t e r n a l  standard, t o  1000 
Psis ( a t  room temperature). Standard r e a c t i o n  c o n d i t i o n s  a re  800 F f o r  5 minutes.  
The autoc lave i s  a g i t a t e d  w i t h  a w r i s t  a c t i o n  shaker and heated i n  a f l u i d i z e d  
sand bath. 
transducer. A t y p i c a l  pressure and temperature versus t ime  curve i s  shown i n  
F igu re  1. A f te r  r e a c t i o n ,  
quenching t o  600 F r e q u i r e s  %0.5 minutes. Th is  method g i ves  e x c e l l e n t  c o n t r o l  o f  
res idence t ime  a t  temperature. 

The gases a r e  t rans fe r red  t o  s torage i n  a 2 - l i t e r  evacuated gas b u l b  f o r  
l a t e r  analyses. The l i q u e f a c t i o n  products  a r e  washed f rom the  au toc lave  w i t h  THF 
and t h e  i n s o l u b l e s  a re  e x t r a c t e d  w i t h  THF i n  a Soxhlet  e x t r a c t o r .  Conversions of 
MAF THF i n s o l u b l e s  a re  c a l c u l a t e d  us ing  t h e  weights  o f  i n s o l u b l e  o rgan ic  m a t e r i a l  
( I O M )  i n  t h e  coal  and so l ven t ,  t h e  s t a r t i n g  ash con ten t  o f  t h e  s o l v e n t  and c o a l  
and t h e  mois ture con ten t  o f  t he  coa l .  
on a r o t a r y  evaporator  and t h e  r e s u l t i n g  concentrated s o l u t i o n  i s  s l o w l y  added t o  
20 p a r t s  o f  b o i l i n g  heptane pe r  p a r t  o f  THF t o  p r e c i p i t a t e  heptane i n s o l u b l e s .  
A f te r  t h e  THF i s  d i s t i l l e d  f rom t h e  m ix tu re ,  t h e  p r e c i p i t a t e  i s  a l lowed t o  s e t t l e  
ove rn igh t  and removed by vacuum f i l t r a t i o n .  The heptane i s  d i s t i l l e d  f rom t h e  
f i l t r a t e  and each o f  t h e  f r a c t i o n s  i s  d r i e d  i n  a vacuum oven o v e r n i g h t  a t  110 C, 
cooled and weighed. Net changes i n  the  amounts o f  THF solub le-heptane i n s o l u b l e s  
(asphaltenes and preasphal tenes)  and heptane so lub les  ( o i l s )  a r e  c a l c u l a t e d  by 
s u b t r a c t i n g  blank e x t r a c t i o n  data f o r  t h e  s t a r t i n g  so l ven t  and coa l  t o  o b t a i n  
d i f f e r e n t i a l  s o l u b i l i t y  changes caused by l i q u e f a c t i o n .  

A f t e r  normal iza-  
t i o n  t o  a standard k ryp ton  concenf;ation, n e t  y i e l d s  (o r  losses o f  hydrogen) f o r  
each gas a r e  ca l cu la ted .  

I 
j 
I 
I 

The au toc lave  i s  equipped w i t h  a thermocouple and r e c o r d i n g  p ressu re  

The average heatup t ime,  t o  790 F, i s  1.9 minutes.  

Excess THF i s  s t r i p p e d  f rom t h e  THF so lub les  

The gases a r e  analyzed f o r  H CO, C02, CHg, C2's and K r .  

Resul ts  and Discuss ion 

I n  order  t o  s tudy t h e  chemist ry  o f  t h e  800'F Recycle Solvent  components, t h e  
SCT Recycle Solvent  was separated by vacuum d i s t i l l a t i o n  i n t o  f r a c t i o n s  w i t h  b o i l -  
i n g  p o i n t s  above and below 800 F (427 C ) .  L i q u e f a c t i o n  experiments u s i n g  t h e  
800-F m a t e r i a l  serve as a base l i ne  t o  a l l o w  a systemat ic  s tudy o f  t h e  e f f e c t s  o f  
a d d i t i o n  o f  va r ious  f r a c t i o n s  o f  t h e  800'F m a t e r i a l s  t o  the  l i q u e f a c t i o n  so l ven t .  
A d d i t i o n a l  chemical i n s i g h t  may be obta ined by running r e a c t i o n s  i n  t h e  presence 
and absence o f  a 1000 p s i a  ( c o l d )  hydrogen atmosphere. A lso,  t h e  use o f  t h e  same 
chemical c lass  f r a c t i o n s  obta ined f rom t h e  800-F and 800'F f r a c t i o n s  may h e l p  
i l l u s t r a t e  the  e f f e c t s  o f  h ighe r  mo lecu la r  weight  on t h e  r e a c t i o n s  o f  t h e  so l ven t .  

The SCT Recycle Solvent  sample has been d i s t i l l e d  under vacuum t o  o b t a i n  
800'F and 800-F f r a c t i o n s  w i t h  t h e  r e s u l t s  l i s t e d  i n  Table 3. 
percent  o f  the sample d i s t i l l e d  below 800 F. 
r a t i o  and about 50 percent  lower  number average molecular  weight. 
i s  a lmost  e n t i r e l y  heptane so lub le .  
t h e  n i t rogen,  84 percent  o f  t h e  s u l f u r  and 76 percent  o f  t h e  oxygen i n  65 we igh t  
percent  of t he  sample. The heteroatom concen t ra t i ons  a r e  no t  l a rqe ,  however, and 
t o t a l  o n l y  about one heteroatom per  molecule ( c o n t a i n i n g  an average o f  34 carbon atoms) 

Recycle Solvent  o r  t h e  800-F SCT Recycle Solvent  f r a c t i o n  w i t h  3 g o f  I l l i n o i s  #6 
coa l  under 1000 ps ia  (room temperature) hydrogen o r  hel ium. The r e s u l t s  a r e  
l i s t e d  i n  Table 4. 

when exposed t o  t h e  workup procedure be fo re  l i q u e f a c t i o n  a t  e leva ted  temperature, 
t he  r e s u l t s  have been co r rec ted  us ing  b lank e x t r a c t i o n s  o f  t h e  s t a r t i n g  m a t e r i a l s  

Approximately 36 
The 800-F m a t e r i a l  has a h ighe r  H/C 

As expected, i t  
The 800'F f r a c t i o n  con ta ins  80 percent  o f  

L ique fac t i on  experiments have been done u s i n g  6 g o f  e i t h e r  t h e  t o t a l  SCT 

Since both so l ven ts  and t h e  coa l  a r e  p a r t i a l l y  s o l u b l e  i n  THF and heptane 
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t o  r e f l e c t  t h e  changes in the three  so1ubilit.v f r ac t ions  before and a f t e r  l ique- 
fac t ion .  The r e s u l t s  have a l s o  been corrected t o  rei:iove the ash a n d  moisture 
present in the s t a r t i n g  coal.  The reaction conditions have been chosen t o  obtain 
good, b u t  not complete conversions so t h a t  differences due t o  the solvent and gas 
atmosphere can be seen. The reaction conditions gave nearly equal conversions of 
MAF THF inso lubles ,  except for the 800-F SCT Recycle Solvent under hydrogen, which 
gave a s ign i f i can t ly  higher conversion. Most of the  THF insoluble material i s  
converted t o  THF soluble-heptane insolubles (preasphaltenes plus asphal tenes) .  
Under helium there  i s  a small ne t  loss of heptane solubles ( o i l s ) .  

Hydrogen i s  produced on balance under a helium atmosphere while hydrogen i s  
incorporated i n t o  the  products on balance under a hydrogen atmosphere. The 800-F 
SCT Recycle Solvent may be exceptional in t h i s  respect and ac tua l ly  re lease  a 
small amount of hydrogen, even in the presence of 1000 p s i q  of hydrogen. The 
e f f e c t s  of d i f f e r e n t  solvents a n d  gas atmospheres on CO i s  negligible b u t  more 
CO2 i s  produced under helium a n d  more CH 

The 800-F and 800'F SCT Recycle Sotvent f r ac t ions  a re  now being separated 
in to  c emical c lasses  using the l iqu id  chromatography method described by Later,  
e t  a l . ? 8 ) '  Preliminary r e s u l t s  from the  separation of the  800+F SCT Recycle Solvent 
f r ac t ion  a re  l i s t e d  in Table 5. 

i s  produced under hydrogen. 

Table 5. Separation of 800'F SCT Recycle Solvent 
Fraction by Liquid Chromatoqraphy 

Recovery, 
Solvent Chemi cal  C 1  ass Weight Percent 
Hexane Aliphatic hydrocarbons 4 . 9  

Benzene Aromatic hydrocarbons 27 .9  
Chloroform N-Aroma t i cs 4.8 
THF-EtOH (10%) OH-Aromatics 33.3 
Total recovery 70.8 

The 800'F material i s  approximately one-quarter aromatic hydrocarbons and 

These separations wi l l  be extended t o  the 800-F SCT Recycle Solvent f r ac t ion  
5 percent of a l ipha t i c  hydrocarbons and N-aromatics. 

and then these f rac t ions  will  be added separa te ly  t o  the 800-F recycle solvent t o  
determine the e f f e c t  of various types of solvent molecules on the  conversion and 
y i e lds  during the  coal d i sso lu t ion  s t ep .  
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TABLE 1. ANALYSES OF SCT RECYCLE SOLVENT AND 
HEAVY OIL PRODUCT FROM THE LUMMUS 
ITSL PROCESS PILOT PLANT 

Sample SCT Recycle Solvent  SCT Heavy O i l  Product 

Elemental Analyses, H t  % 
Ash 1.30 3.61 
Carbon 86.77 85.87 
Hydrogen 6.88 5.74 
N i t rogen  0.94 1.02 
S u l f u r  0.53 0.99 
Oxygen (by d i f f e r e n c e )  3.6 2.8 
H/C 0.95 0.80 

D i s t i l l a t i o n  Data, W t  % 

800-F 35.6 38.2 
800'F 64.4 61.8 

THF S o l u b i l i t y ,  Wt % 96.4 88.6 
Molecular  Weight, g/mole 477 424 

(2SCT16-1122) (2SCT-1122) 

TABLE 2. ANALYSES OF ILLINOIS #6 COAL FROM THE 
LUMMUS ITSL PROCESS PILOT PLANT 

Proximate Analyses, W t  % As-Recei ved 0 r Y  
Mois ture 3.99 
Ash 9.72 10.12 
Elemental Analyses, klt % 

Carbon 69.73 72.63 
Hydrogen 4.93 4.67 
Ni t rogen 1.18 1.23 
S u l f u r  2.88 3.00 
Oxygen (by d i f f e r e n c e )  8.35 

H/C 0.77 
P a r t i c l e  S i ze  D i s t r i b u t i o n ,  W t  % 

+70 mesh 
-70 +120 
-120 +zoo 
-200 +325 
-325 

0.07 
3.64 

18.90 
14.84 
62.55 

THF S o l u b i l i t y ,  b i t  % 13.7 
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TABLE 3. ANALYSES OF I C C - F  AN0 800+F FRACTIONS FROM 
THE DISTILLATICP, OF SCT RECYCLE SOLVENT 
(2SCT16-1122) 

._ ___ ... _ _ - _  
Sample m- F 800'F 

Weioht % o f  
S t a r t i n o  M a t e r i a l  35.6 64.4 

Elemental Analyses, \.It % 

Carbon 90.96 87.88 
Hvdroqen 7.12 6.18 

0.57 1.30 
0.23 0.69 
1.12 1.95 

G t r o i j e n  
S u l f u r  
Oxygen (by d i f f e r e n c e )  

Ash <0.01 2.00 
H/C 0.94 0.84 
Molecular  Weight, g/mole 257 456 
S o l u b i l i t i e s ,  W t  % 

THF i n s o l u b l e s  0.0 5.5 
39.5 
57.9 

Heptane i n s o l u b l e s  
Heptane so lub les  

TABLE 4. SUMMARY OF MICROAUTOCLAVE LIQUEFACTION RESULTS 
WITH SCT RECYCLE SOLVENTS AND ILLINOIS 66 COAL 

Run No. 7 15 9 17 
So lven t  T o t a l  SCT Recycle So lven t  800-F SCT Recycle Solvent  

Gas Atmosphere He 
Conversion o f  MAF 
THF Inso lub les ,  % 78.2 
Net Chanqe o f  Heptane 
Inso lub les ,  % o f  T o t a l  19.0 
MAF Products 
Net  Chanqe o f  Heptane 
So lub les ,  % o f  T o t a l  -2 .0 
MAF Products 
Gas Analyses, Volume % 

0.85 
0.16 
1.06 
0.77 
0.49 

"2 He H2 

75.0 78.6 84.6 

17.8 18.0 19.2 

0.5 -0.0 1.1 

-7.87 1.09 1.55 
0.12 0.13 0.14 
0.75 1.15 0.58 
0.98 0.75 0.90 
0.39 0.35 0.34 
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THE ORTHO-ALLYLBENZYL RADICAL: A S E N S I T I V E  PROCEDURE FOR 
THE ASSESSMENT OF HYDROGEN DONOR SOLVENT REACTIVITY .* 

James A. Franz, Russe l l  D. Barrows and Donald M. Camaioni 

P a c i f i c  Northwest Laboratory ,  P.O. Box 999, Rich land,  WA 99352 

The thermal convers ion o f  coal  i n v o l v e s  t h e  decomposi t ion o f  i n t e r -  
connected hydroaromatic s t r u c t u r e s  i n t o  resonance s t a b i l i z e d  b e n z y l i c  r a d i c a l  
fragments. Capping o f  these r a d i c a l s  w i t h  hydrogen from a donor so l ven t  
leads t o  the fo rma t ion  i n  h i g h  y i e l d s  o f  lower  molecular  we igh t  s o l u b l e  
and v o l a t i l e  products  (1 -5 ) .  I n  the  absence o f  a donor so l ven t ,  the 
r a d i c a l s  a b s t r a c t  hydrogen from a l k y l  coa l  s t r u c t u r e s  and depending on the  
supply  o f  donatable hydrogen w i t h i n  the  c o a l ,  conve rs ion  y i e l d s  may be 
g r e a t l y  a f f e c t e d  (3,  6 ) .  I n  view o f  the g r e a t  v a r i e t y  o f  r a d i c a l s  which 
must form d u r i n g  coa l  l i q u e f a c t i o n  and the  many p o s s i b l e  competing r e a c t i o n s  
which lead t o  products ,  t h e  a b i l i t y  o f  a donor s o l v e n t  t o  t r a n s f e r  hydrogen 
t o  coa l  r a d i c a l s  i s  undoubtedly  o f  g r e a t  importance. 

A l though much q u a n t i t a t i v e  da ta  d e s c r i b i n g  the  r e a c t i o n s  o f  a l k y l  and 
I heteroatom r a d i c a l s  w i t h  hydroaromat ic  donor so l ven ts  e x i s t s ,  (7 -9 )  sur-  

p r i s i n g l y  l i t t l e  d a t a  i s  a v a i l a b l e  on the r e a c t i o n s  o f  resonance s t a b i l i z e d  
r a d i c a l s  w i t h  hydroaromat ic  donors (10-14) .  R e a l i z i n g  t h e  importance o f  
t h i s  d a t a  t o  the  development o f  a bas i c  understanding of coa l  convers ion 
chemis t r y  we have developed a procedure f o r  t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  
of hydrogen donor s t r e n g t h s  toward benzyl r a d i c a l .  
rearrangement o f  o - a l l y l  benzyl r a d i c a l  aga ins t  hydrogen t r a n s f e r  t o  t h e  
r a d i c a l  from a donor so l ven t ,  see Equat ions 1 and 2. A t  t h i s  t ime,  the  
method p rov ides  r e l a t i v e  and es t ima ted  abso lu te  r a t e s  of hydrogen atom 
t r a n s f e r .  
r e l a t i v e  r a t e s  t o  abso lu te  r a t e s  w i t h  a h igh  degree o f  accuracy and 
p rec i s ion .  

Experimental 

The method competes the 

Experiments are in progress which are designed t o  c o n v e r t  these 

Synthes is  o f  o - a l l  y l  azo to l  uene. o-a1 l y l  benzy laz i  ne was synthes ized 
from o -a l l y l benza ldehyde  and hydraz ine s u l f a t e  accord ing t o  t h e  procedure 
o f  H. H.  H a t t  (15 ) .  The az ine was reduced t o  i t s  corresponding hydraz ine 
d e r i v a t i v e  w i t h  Na-Hg(5%) i n  methanol. o - A l l y l b e n z y l h y d r a z i n e  was o x i d i z e d  
t o  o - a l l y l a z o t o l u e n e  accord ing t o  the  procedure o f  Cohen and Wang ( 1 6 ) ;  
m.p. 47.5-49.OOC; NMR (CDC13) , 7.33-7.20 ( sha rp  m, 8H, aromat ic-H) ,  6.25- 
5.75 and 5.15-4.80 (m, 6-H, o l e f i n i c - H ) ,  4.96 ( s ,  4-H, benzyl-H t o  n i t r o g e n  
atom, superimposed on v i n y l  r e g i o n ) ,  3.48 ( d  o f  t, 4-H, J = 6.2, 1.5Hz, 
benzyl-H t o  v i n y l  group) ;  Analyses: Calc., C, 82.72, H, 7.64, N, 9.65; 
found, C, 82.6, H, 7.73, N, 9.58. 

De te rm ina t ion  o f  r e l a t i v e  r a t e s  o f  hydrogen atom t r a n s f e r  t o  o - a l l y l b e n z y l  
S o l u t i o n s  o f  t h e  o - a l l y l a z o t o l u e n e ,  hydrogen donor, and sometimes r a d i c a l .  

an i n e r t  s o l v e n t  such as benzene o r  phenyl e t h e r ,  were degassed and sealed 
i n  pyrex tubes and then  the rmos ta t ted  f o r  20 minutes ( a p p i o x i m a t e l y  2 h a l f -  
l i v e s ) .  The c o n c e n t r a t i o n  o f  azo compound was kep t  low (<.OlMj t o  min imize 
r a d i c a l  induced decomposi t ion and t o  min imize consumption o f  donor so l ven t  
( u s u a l l y  ~ 5 %  consumed). The r e l a t i v e  amounts o f  2-rnethyl indan (2MI)  and 

* Th is  work was supported by  t h e  U.S. Department o f  Energy, Processes and 
Techniques Branch, D i v i s i o n  o f  Chemical Sciences, O f f i c e  o f  Basic Energy 
Sciences, under Con t rac t  DE-AC06-76 RLO-1830. 
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and o-allyltoluene (OAT)  were determined by cap i l l a ry  g a s  chromatography 
analysis a f t e r  they were separated from the unreacted azo compound by high 
performance liquid chromatography. 
e ra ture  concentrations of donor solvents were corrected t o  r e f l e c t  the 
solution dens i ty  a t  l6O0C ( 1 7 ) .  
-+5% due t o  lack of precise information about the actual l iquid dens i t ies .  

I n  ca lcu la t ing  kabs/kre, the room temp- 

We expect the e r ro r  in these values t o  be 

Results and Discussion 

o-Allyazotoluene i s  a conviently prepared thermal source of o-a l ly l -  
I n  donor  solvents equi l ivant  t o  or be t te r  than m-xylene 

Upon decomposition, 
benzyl rad ica ls .  
i t  has a ha l f - l i f e  o f  approximately 10 m i n  a t  i6U"C. 
a pair  of o-allylbenzyl rad ica ls  form and undergo reac t ions  of rearrangement, 
hydroyen abstraction and combination. 

~ c U 2 C H = C H ,  

+ DH 
c u,. 

ac$cH=CHz / CH,. + 

acqcH=CH2 + D a  
CH, * aCHFH*Hz CH,D 

The yields of products, 2-methylindan ( Z M i ) ,  and  o-allyltoluene ( O A T ) ,  
formed from the competing reactions of rearrangement, Equation 1 and hydrogen 
atom abstraction, Equation 2 ,  are observed t o  vary according t o  the hydrogen 
donor strength of the donor solvent ( D H ) .  Under the experimental conditions,  
the formation o f  2MI and OAT are i r r eve r s ib l e  and the amount of DH consumed 
i s  small, so t h a t  the r a t e  constant for  hydrogen abs t rac t ion ,  k a b s ,  r e l a t ive  
t o  rearrangement, kre, for a given donor i s  provided by the expression, 

- kabs = [OAT] 
kre [2MI][DH]n 

5)  

where n i s  the number of donatable hydrogens per donor  molecule. 

The formation of 2MI i s  controlled by the unimolecular rearrangement 
of o-allylbenzyl and the r a t e  constant,  k re ,  for  t h i s  reaction i s  independent 
of solvent composition, such tha t  the values,  kabs/kre, provide a quanti- 
t a t i v e  index of hydrogen donor strength.  I n  Table I ,  index values for  a 
s e r i e s  of hydrogen donor solvents and  model compounds have been compiled 
from kabs /k re  values. For convience of comparison, the values have been 
indexed r e l a t ive  to in-xylene for  which kabs/kre i s  2.53 x 10-3. 

ship between donor strength and  resonance s t ab i l i za t ion  energy of the radical 
formed from the  donor molecule, i . e . ,  9,lO-dihydroanthracene > allylbenzene 
9,10-dihydrophenanthrene > diphenylmethane > m-xylene. 

In te res t ing ly  the index quan t i t a t ive ly  bears out the expected re la t ion-  

Diphenylmethane i s  
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a much Poorer so l ven t  than d ihydroanthracene because s t e r i c  h inderance 
p reven ts  both phenyl r i n g s  f rom being s imu l taneous ly  conjugated w i t h  t h e  
r a d i c a l  s i t e .  L i t t l e  s t e r i c  hinderance i s  i n  e f f e c t  f o r  the r a d i c a l  de- 
r i v e d  from a l l y l  benzene and t h e r e f o r e  the  r a d i c a l  exper iences g r e a t e r  
resonance s t a b i l i z a t i o n  than d iphenylmethy l  r a d i c a l  and e x h i b i t s  a g r e a t e r  
r a t e  o f  hydrogen donat ion.  
i s  a f a r  super io r  donor t o  t e t r a l i n  o r  9,lO-dihydrophenanthrene. 

p o l a r  and resonance e f f e c t s  i n  a c c e l e r a t i n g  atom t r a n s f e r  r e a c t i o n s ,  i .e.,  
th iophenol  >phenol > xy lene.  These r e s u l t s  i n d i c a t e  t h a t  compounds such 
as naphthols  and t h i o l s  are among the most impor tan t  donors i n  h i g h  s u l f u r  
c o a l s  and oxygen r i c h  medium ranked coa ls .  
impor tan t  and as y e t  r e l a t i v e l y  unknown r o l e s  i n  the f o r m a t i o n  o f  s o l u b l e  
convers ion products  and chars ( l a ) .  

f o r  assessing donor so l ven t  s t reng ths .  
e s t i m a t i n g  the  Arrhenius parameters f o r  t he  abso lu te  r a t e  o f  rearrangement 
f o r  o - a l l y l b e n z y l  r a d i c a l  are a t  hand (19 )  and an exper imen ta l  de te rm ina t ion  
i s  i n  progress. 
t o  researchers i nvo l ved  i n  develop ing thermochemical k i n e t i c  models o f  coa l  
l i q u e f a c t i o n  and t o  i n v e s t i g a t o r s  i n t e r e s t e d  i n  understanding bas i c  chemical 
t rans fo rma t ions .  

O f  t he  r e c y c l a b l e  so l ven ts ,  9 , lO-d ihydroanthracene 

The index q u a n t i t a t i v e l y  i l l u s t r a t e s  the  as ton ish ing  e f f e c t s  o f  combined 

I t  i s  c l e a r  t h a t  t h e y  p l a y  

These r e s u l t s  e a s i l y  show the  importance of e s t a b l i s h i n g  such a method 
Furthermore, good methods f o r  

Therefore,  t h i s  body o f  da ta  w i l l  be o f  g r e a t  va lue bo th  

Table I .  Hydrogen Donor S t reng th  o f  Selected Solvents  and Model Compounds 
Towards o - A l l y l b e n z y l  Rad ica l .  

Donor R e l a t i v e  Donor S t reng th  

m-xylene ( a )  
1,5-Cycloctadiene 
Diphenylmethane 
T e t r a l i n  
9,lO-Dihydrophenanthrene 
Phenol 
A l ly lbenzene 
9, I O - D i  hydroanthracene 
Tr  i -n- b u t y l  s t  annane 3 .  
1-Naphthol 
Thi ophenol 1. 

1 
1 1  
20 
27 
33 
76 

114 

t32 1 0 5  
1970 
10x106 
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THE USE OF 0-TERPHENYL AND DIBENZO(c,g)PHENANTHNE 
TO STUDY H-DONOR SOLVENTS 
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The use of H-donors t o  i n c r e a s e  y i e l d s  o f  d i s t i l l a b l e  l i q u i d s  i n  d i r e c t  coa l  l i q u e -  
f a c t i o n  i s  well-documented ( 1 , 2 , 3 ) .  Severa l  mechanisms have been proposed i n c l u d i n g  
t h e  rad ica l - t rapping  of  hydrogen from t h e  H-donors ( 4 , 5 ) .  Another mechanism sug- 
gested on t h e  b a s i s  of  thermochemical da ta  (6) i s  a t r a n s f e r  of a hydrogen atom 
( r a d i c a l )  t o  an aromatic  compound. This  t r a n s f e r  i s  e n e r g e t i c a l l y  favorable  when 
s p e c i f i c  atoms i n  t h e  aromatic  molecule a r e  a t t a c k e d .  Phenanthrene, f o r  example, i s  
s t a b i l i z e d  by 38 kcal/mole when a t tacked  by a hydrogen r a d i c a l  t o  form t h e  9-hydro- 
phenanthryl  r a d i c a l .  This  a d d i t i o n  of hydrogen has n o t  been s t u d i e d  t o  any e x t e n t  a t  
e i t h e r  of  t h e  model compound l e v e l  o r  t h e  process  l e v e l .  

Another r e a c t i o n  which may resemble t h e  r a d i c a l  a d d i t i o n  r e a c t i o n  was observed when 
1 , l ' - b i n a p h t h y l  was heated wi th  an H-donor t o  form t h e  thermal ly  s t a b l e  pery lene  
(PER) (7) .  An H-donor was e s s e n t i a l  f o r  coupl ing and d i f f e r e n t  H-donors produced 
pery lene  i n  d i f f e r e n t  y i e l d s .  This  r e a c t i o n  was used t o  s tudy  t h e  r e l a t i v e  a b i l i t y  
of an H-donor t o  t r a n s f e r  i t s  hydrogens a t  t h e  high temperatures  and p r e s s u r e s  used 
i n  l i q u e f a c t i o n .  The coupl ing r e a c t i o n  appeared t o  have p o t e n t i a l  a s  a system t o  
s tudy t h i s  v a r i e t y  of H- t ransfer  which may have important  impl ica t ions  i n  t h e  d i r e c t  
coa l  l i q u e f a c t i o n  process .  

Problems encountered i n  t h i s  method of e v a l u a t i n g  H-donors included t h e  low y i e l d s  
of pery lene  and t h e  low s o l u b i l i t y  of pery lene  i? many s o l v e n p .  Molar r a t i o s  of 
pery lene  t o  s t a r t i n g  m a t e r i a l s  ranged from 1 x 10 t o  28 x 10 a f t e r  1 hour reac-  
t i o n  a t  470OC. I t  was thought  t h a t  a h igher  conversion of  s u b s t r a t e  would improve 
t h e  r e l i a b i l i t y  of t h e  a n a l y t i c a l  method and would a l low f o r  s h o r t e r  r e a c t i o n  t imes.  
One s o l u t i o n  t o  t h e  problem connected with t h e  coupl ing t o  form pery lene  would be t o  
f i n d  another  molecule which would r e a c t  by a s i m i l a r  mechanism b u t  would g i v e  h igher  
y i e l d s  of a thermal ly  s t a b l e  product  under s i m i l a r  r e a c t i o n  condi t ions .  Copeland, 
Dean, and McNiel (8) repor ted  t h a t  o- terphenyl  (OTP) gave h igher  (60 p c t )  y i e l d s  of  
coupled product ,  t r iphenylene  (TP), than b inaphthyl  (18.7 p c t )  gave pery lene  when 
r e a c t e d  wi th  d e c a l i n  a t  49OOC wi th  a c a t a l y s t  and hydrogen f o r  3 hours .  Triphen- 
y lene  was very s t a b l e  and t h i s  r e a c t i o n  appeared t o  be a good a l t e r n a t i v e  candida te  
f o r  eva lua t ion  of H-donor r e a c t i v i t i e s .  Severa l  r e a c t i o n s  were c a r r i e d  o u t  wi th  t h e  
o- terphenyl  (Wiley Organics)  and var ious  H-donors a t  47OOC f o r  1 hour wi thout  hydro- 
gen gas  i n  small microreac t ion  v e s s e l s .  The r e s u l t s  of t h e s e  r e a c t i o n s  a r e  summar- 
ized  i n  Table I and a r e  compared t o  prev ious ly  obta ined  r e s u l t s  wi th  1 , l -b inaphthyl  
( 7 ) .  
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TABLE I 

MOLAR RATIOS OF PRODUCT OF REACTANT FOR REACTIONS OF 0-TERPHENYL 
AND l,l'-BINAPHTHYL WITH H-DONORS AT 47OOC FOR 1 HOUR'; 

H-Donor TP/OTP x PER/BN x 

9,lO-dihydrophenanthrene 
1,2-dihydronaphthalene 
1,2,3,4-tetrahydronaphthalpne 
fluorene 
4,5-dihydropyrene 
1,2,3,6,7,8-hexhydropyrene 
indane 
1,2,3,4-tetrahydroquinoline 
1,2,3,4-tetrahydroisoquinoline 
2,3-cyclohexenepyridine 
indoline 
5-indanol 
indene 

2.05 
2.41 
2.51 
5.91 
1.65 

0.42 
0.37 
0.40 
0.88 

0 . 4 9  
1.92 

-- 

--  

3.1 
3.4 
1.3 
2.0 
14.1 
28.0 
1.27 

1.38 

3.84 
1.24 
3.19 

-- 
-- 

"Obtained by (Mole % coupled product)/(Mole % starting OTP o r  BN + sum of mole % of 
by-products) 

The ratios of coupled product to starting materials were less satisfactory than 
those of binaphthyl in predicting H-donor ability. Some H-donors which promoted 
higher yields of perylene from binaphthyl also produced higher yields of triphenyl- 
ene from o-terphenyl. There were exceptions including fluorene, 4,5-dihydropyrene 
and 1,2,3,6,7,8-hexhydropyrene which gave differing amounts of coupled product and 
in some cases even gave opposing trends. It was found with both substrates that 
many H-donors known to be good donors at lower temperatures did not give significant 
amounts of coupling at the higher temperatures used. This was particularly true o f  
the heteroaromatic compounds with hydrogen attached to the heteroatom such as with 
1,2,3,4- te trahydroquinoline . 
The conversion of o-terphenyl to triphenylene was not as great as  expected based 
upon the three-fold yield of triphenylene over perylene (Equation 1). Moreover, very 
close to the peak of triphenylene in the gas chromatogram (using 6' x 2 nun I D  3 pct 
Dexsil 300 on Supelcoport 100/120 with programmed temperature) were several peaks 
analyzed by GCMS to be quatraphenyls (MW 306). Large amounts of biphenyl from the 
cracking of the terphenyl also reduced the possible yield of triphenylene and this 
complicated the analysis and the possible implications of the reactions to lique- 
factions. 

Kinetics of the conversion of o-terphenyl to triphenylene were studied and compared 
with previous results of conversion of 1,l'-binaphthyl to perylene under similar 
conditions. The results are summarized in Table 11. 
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TABLE I1 

PSEUDO FIRST ORDER RATE CONSTANTS FROM THE CONVERSIONS OF 0-TERPHENYL 
AND 1,l'-BINAPHTHYL TO TRIPHENYLENE AND PERYLENE RESPECTIVELY 

H-Donor 

9,lO-dihydrophenanthrene 
1,2,3,4-tetrahydronaphthalene 
1,2-dihydronaphthalene 

o-Terphenyl 1,l'-Binaphthyl 
(k, min-') (k, min-') 

7.4 x 10 1.9 x 10 
7.0 1013 1.2 x 1012 

--- --- 

The similarity between the products and the similar rate constants for each H-donor 
implied that the same mechanism was involved. When modeled as a first order reaction 
(Table 11), o-terphenyl conversion was slower than binaphthyl conversion. It was 
interesting that 1,2-dihydronaphthalene formed no more coupled product with either 
binaphthyl or o-terphenyl after 45 minutes substantiating a similarity in the mech- 
anism. The lower rate constants and the extra side products formed with o-terphenyl 
led to the conclusion that this system was less advantageous binaphthyl than 
coupling in the study of H-donor solvents. 

Dibenzo(c,g)phenanthrene (DBP) (Equation 1) was investigated as another substrate 
likely to be a substitute for o-terphenyl and binaphthyl. Its structure suggested 
the possibility of facile coupling which could lead to enhanced rates and greater 
yields of coupled products. Dibenzophenanthrene was synthesized by coupling 
1-tetralone to bis-dialin (BD) which was then reacted with maleic anhydride (9,lO). 
The adduct was then brominated, dehydrobrominated, decarboxylated, and finally 
dehydrogenated to the desired dibenzocc ,g)phenanthrene, (Equation 1) .  

The low yield (7.5% overall) of dihenzophenanthrene was quite poor compared to that 
in the synthesis of binaphthyl (60%) from the common intermediate, 1,l'-dialin. The 
final product separated on an alumina chromatographic column with petroleum ether 
was 89% (VPC) pure. A small amount of this compound was reacted with 9,lO-dihydro- 
phenanthrene in the microreactor under the usual conditions. The yield of 8% 
coupled benzo(l,l2)perylene (BP) product was an order of magnitude larger than 
either triphenylene or perylene. The retention time of the coupled product, ben- 
zoperylene, of 20.5 minutes was significantly longer than the retention times of 
other peaks in this reaction or of any component found in hydrogenated anthracene 
oil used as an experimental H-donor. There appeared to be no side reactions except 
some transfer of hydrogen from H-donor to the dibenzophenanthrene. Thus preliminary 
results indicate dibenzophenathrene might have distinct advantages over binaphthyl or 
o-terphenyl and would provide a very promising system to apply to the study of 
H-transfer reactions. 
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